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Abstract

This thesis developed from the VIMS Larval Fish Monitoring Program, which began in
2007 as part of a study comparing the larval fish assemblages of Chesapeake and
Delaware Bays. Ribeiro et al. (2015) analyzed data from the first three years of this time
series to describe the temporal variation in the larval fish assemblages. After this initial
study was completed (three years in duration), the sampling continued at the fixed
station near the mouth of the York River, which was used to represent the Chesapeake
Bay. For this thesis, therefore, eight years of data (2007-2015) were available to
investigate temporal changes in the larval fish assemblage, and to better evaluate intraannual variation of the larval fish assemblage. Further, larval fish indexes of five target
species of commercial and recreational importance in the Chesapeake Bay, were
examined, including Anchovy (Anchoa spp.), Atlantic Menhaden (Brevoortia tyrannus),
American Eel (Anguilla rostrata), Summer Flounder (Paralichthys dentatus), and Atlantic
Croaker (Micropogonias undulatus). Regression models were used to evaluate the effect
of different environmental and temporal variables on the larval fish density from the
York River system. Results show a stable assemblage in the York River since 2007, with
marked seasonal patterns in terms of composition and abundance of larval fishes. The
assemblage from May to August is formed by estuarine species with high number of
larval fishes (e.g., Anchovy, Green Goby, Naked Goby); the assemblage from September
to April is characterized by a lower number of species, mainly coastal spawners such as
Atlantic Croaker, Summer Flounder, and Atlantic Menhaden. At the species level, slight
annual variations were found, although in general abundances were stable across the
time series. Because the larval fish monitoring program sampled at a single fixed station
located in the lower portion of the York River system, it is limited spatially even though
it has good temporal resolution (eight years). One fixed station may capture only
localized patterns and it is unclear if this is comparable to the larval fish assemblage in
southern portion of the Chesapeake Bay generally. The second chapter of this thesis
addresses the question of spatial variation of the larval fish assemblage, principally
xv

between the York River system and the mouth of the Chesapeake Bay. Samples taken in
three locations were compared to determine if the assemblage varied among the
sampling locations. Larval stages of two coastal spawners, Atlantic Menhaden and
Atlantic Croaker, were the two most abundant at both all locations. Results indicate
species specific differences among the locations, for example, Atlantic Croaker larvae
were more abundant in the York River mouth (YRM) than in the Chesapeake Bay mouth
(CBM), indicating significant spatial variation in larval fish assemblage composition over
a distance of approximately 40 km, the distance between the YRM and CBM. This
variation should be taken into account when generalizing the structure of the larval fish
assemblage of the York River spatially.

xvi

Assemblage Dynamics of Larval Fishes in the York River
of Virginia and the Chesapeake Bay
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Chapter I

Intra-annual and inter-annual patterns of the larval fish assemblage
of the York River, Virginia
Abstract
Temperate estuaries such as the Chesapeake Bay are characterized by large seasonal
fluctuations in temperature and salinity. These fluctuations influence the life history and
migratory patterns of fishes, and also affect the early life stages of fishes that use the
Bay as nursery ground. The York River is the fifth largest tributary of the Bay, and hosts
the VIMS Larval Fish Monitoring Program, which began in 2007. This program produced
a long-term dataset of larval fish abundances (2007-2014), from which seasonal and
inter-annual variation of the larval fish assemblage in the lower York River could be
described. In this study, changes in the assemblage were assessed using non-metric
multidimensional scaling plots, and by the use of the assemblage metrics such as species
richness, taxonomical diversity, and larval fish abundance; these factors were modeled
using Generalized Linear Models (GLMs) to examine the effect of physical
environmental factors on the larval fish assemblage. Additionally, larval densities of five
taxa (Anchoa spp., Brevoortia tyrannus, Anguilla rostrata, Micropogonias undulatus, and
Paralichthys dentatus) were modeled using GLMs. Results showed that the larval fish
assemblages were stable from 2007 to 2014, the dominant species were present year to
year, and the overall larval density (all species pooled) only presented slightly variations.
A strong seasonal pattern of the larval fish assemblage was detected, with the presence
of two distinct assemblages, the first from May to August and a second from September
to April. Taxonomic diversity, species richness, and larval fish density were predicted
primarily by temporal variables (year and month); other factors such as water
temperature, and salinity did not have an effect on those metrics. The five taxa showed
different density patterns, with slight inter-annual variations; year and month were the
best predictors of annual larval fish density. This study for the first time takes a longterm series (eight years) of larval fish densities and examined the effect of physical
environmental factors on the inter-annual variations of larval fishes from the York River,
Chesapeake Bay.
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1. Introduction
Temperate estuaries are complex and productive ecosystems, in which surface
water temperatures can range widely, from 0°C to 30°C. Salinity gradients and vertical
stratification vary seasonally, combined with mixing of riverine fresh and salty ocean
waters results in diverse aquatic and intertidal habitats (Reay and Moore, 2009; Day et
al., 2012). The mosaic of habitats in estuarine systems, harbor resident and visitor fish
species that make use of the system at different times of the year and different stages
of their life cycle (Whitfield, 1990; Franco et al., 2008; Murdy and Musick, 2013). The
dynamic environment of estuaries also provides habitat for the early life-history stages
(ELHS) of estuarine, marine, anadromous, and catadromous fishes that use these
habitats as refuge and nursery areas. The larval fish assemblage, defined as the cooccurrence of different species in a particular time and space, is shaped and maintained
by the interaction of biological and environmental processes, including time and
location of spawning (Miller, 2002), the timing of entrance of larval fishes to the estuary
(Warlen and Burke, 1990), current circulation patterns (e.g., Gray and Miskiewicz, 2000;
Miller and Shanks, 2005), freshwater discharge (Taylor et al., 2010), and larval behavior
(Boehlert and Mundy, 1988). These factors can work in conjunction to disturb or
maintain the larval fish assemblage according to the topography, and the physical and
climatic conditions that dominate each estuarine system. Across estuarine
environments (temperate and tropical), larval fish assemblages are characterized by
relatively low number of species and few dominant species, with the presence of
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marine, estuarine, and transient species (e.g., Miller and Shanks, 2005; Bonecker et al.,
2009; Ribeiro et al., 2015).
Inter-annual variability in the high rates of mortality make ELHS of fishes of
particular interest, as this potentially can influence the strength of annual year-classes
to a great degree (Sissenwine, 1984; Miller et al., 1988; Taylor et al., 2009; Able and
Fahay, 2010). To understand such annual variations, it is necessary to investigate
questions related to what physical processes and environmental variables (e.g., water
temperature, freshwater discharge, wind speed and direction) influence the
composition and abundance of the larval fish assemblage, and how these factors
regulate the assemblage. Long-term studies can provide insight about temporal changes
or stability through the time of the larval fish assemblage and the abundances for
species of interest (Miller, 2002; Able and Fahay, 2010).
The Chesapeake Bay, the largest estuary of the United States, is located within
the Middle Atlantic Bight (MAB) and provides habitat for the early life-history stages of
estuarine (e.g., Bay Anchovy, Silver Perch), marine (e.g., Atlantic Menhaden),
anadromous (e.g., Striped Bass), and catadromous (e.g., American Eel) fishes that use
the system as refuge and nursery areas. Within the MAB and the Chesapeake Bay,
studies of larval fishes have been conducted, although these are restricted to only few
years (e.g., Cowan and Birdsong, 1985; Ribeiro et al., 2015), or have focused on
particular regions outside of the Chesapeake Bay (e.g., estuary of Mullica River in New
Jersey, Witting et al., 1999; Able and Fahay, 2010). Those within the Bay have
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emphasized the general description of the timing of larval fish ingress into the Bay (e.g.,
Pearson, 1941; Olney, 1983; Ribeiro et al., 2015), and with only a few exceptions (i.e.,
Lozano and Houde, 2012) the effect of environmental factors on the ingress or larval fish
abundance has not been analyzed.
The primary goal of this study was to investigate composition and abundance
patterns of the larval fish assemblage from the York River, Virginia, in the southern
portion of Chesapeake Bay using a long term database (2007-2015), and to incorporate
environmental factors into analyses to examine the relationship of the assemblage
structure across varying environmental conditions. In addition to studying patterns in
the larval fish assemblage as a whole, density patterns for five species were examined
and compared in detail (Atlantic Menhaden, Atlantic Croaker, Anchovy, Spot, and
Summer Flounder). These species were chosen for study because of their ecological,
economical, and recreational importance in the Chesapeake Bay and York River estuary.
For the first time a long-term series of eight years of data (2007-2015) were analyzed to
describe the annual and seasonal variations of the larval fish assemblage in the southern
portion of the Chesapeake Bay.
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2. Materials and Methods
2.1. Biological sampling
Sampling was conducted from 2007 through 2015 as part of the Larval Fish
Monitoring Program at the Virginia Institute of Marine Science (VIMS). Most samples
were obtained from collections made once a week at single fixed station in the York
River estuary at the public pier (PP) in Gloucester Point, Virginia (Figure 1). This sampling
station was designated in 2009; from March 2007 to October 2009, sampling was
conducted at a different location (VIMS ferry pier) that was approximately 300 meters
down-estuary (comparison samples were collected and no significant differences in
catches were found; Ribeiro and Hilton, unpublished data). For each sampling event,
three 30-minute passive tows in the top two meters were conducted. A 1-m diameter
conical plankton net (1-mm mesh size) was deployed in the water from the PP during
night-time flood tides. A flowmeter was attached to the net to calculate the filtered
water volume. In July and August, sampling frequency and duration were reduced to
two sampling events per month with 15-minute tow duration reduce clogging and to
reduce sample processing times due to high abundance of gelatinous ctenophores and
other large zooplankton, as well as larvae of resident fish species such as Bay Anchovy
(Ribeiro et al., 2015).
Samples were preserved in 70% ethanol and identified using primary reference
identification guides for the ELHS of fishes in the Western North Atlantic Ocean (e.g.,
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Richards, 2005; Fahay, 2007). Samples were deposited in the VIMS Nunnally Ichthyology
Collection.
2.2. Environmental factors
To detect the effect of physical factors on the larval fish assemblage including
metrics and variables of the assemblage structure (e.g., species diversity, species
richness, and larval fish density), which have been shown to, or are thought to influence
the transport of early life stages into estuarine areas were included in the statistical
models as covariates. Continuous variables (e.g., dissolve oxygen, wind speed) data
were centered by subtracting the mean from each value and scaled (divided by the
standard deviation).
Surface water temperature (°C) and salinity (ppt) data used in the analyses came
from records obtained from the Virginia Estuarine and Coastal Observing System
(VECOS, http://web2.vims.edu/vecos/) monitoring station YRK005.40, which is located
approximately 300 m from the PP fixed sampling station (Figure 1). Hourly data were
retrieved to calculate weekly averages of temperature and salinity for inclusion in the
statistical models.
River discharge and wind forcing have been thought to influence the ingress of
early stages of coastal spawning fishes into estuarine and riverine areas (e.g., Taylor et
al., 2010) and were, therefore, included in the analysis. Weekly averages of freshwater
discharge (m3 h-1) in the York River were calculated by combining the daily recorded
discharges from the Pamunkey and Mattaponi rivers (ft3 sec-1) tributaries of the York
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River, which were estimated by the United States Geological Survey information system
(USGS; http://waterdata.usgs.gov/nwis). When values from a river were missing,
freshwater discharge was estimated from a linear regression using values from both
rivers that were collected from 2007 to 2015. Additional weekly averages of river
discharge from the Susquehanna River (m3 h-1) were calculated to estimate the
discharge to the lower Chesapeake Bay (USGS; http://waterdata.usgs.gov/nwis); which
accounts for more the 50% of the total freshwater flow into the Bay (51.3%).
Weekly mean wind speed (m s-1) and direction were calculated using records
from the National Oceanic and Atmospheric Administration’s (NOAA) Center for
Operational Oceanographic Products and Services (CO-OPS,
http://tidesandcurrents.noaa.gov/met.html?id=8637689). Weekly averages of wind
speed were calculated taking as a reference eight sectors of wind direction: north,
northeast, east, southeast, south, southwest, west, and northwest (Nys, 2014). Mean
values of wind speed from each direction were included in correlation analysis with
mean values of larval-fish density. Because winds from the northwest had the strongest
and significant correlation (r= - 0.24, p < 0.01), northwestern wind speeds were used in
the statistical models.
The effect of spring-neap tides was also examined. Tidal excursion is greater
during spring than neap tides, and was demonstrated to provide greater opportunity for
Blue Crab megalopae to be transported into the Bay and its tributaries (Olmi, 1995). As a
proxy for tidal height, water level data (meters) from the Yorktown US Coast Guard
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Training Center monitoring station were retrieved from the NOAA & CO-OPS website.
Daily averages of tide height as defined by USCG (mean higher high water; MHHW) were
used in the analyses (http://tidesandcurrents.noaa.gov/waterlevels.html?id=8637689).
2.3. Larval fish assemblage analysis (multivariate)
To explore patterns within the larval fish assemblage (composition and density),
a multivariate statistical analysis was used. Annual and seasonal patterns of the larval
fish assemblage were explored using two-dimensional, non-metric multidimensional
scaling (nMDS) plots based on Bray-Curtis rank similarity coefficients (as described by
Clarke and Warwick, 2001; Anderson, 2001; Anderson et al., 2008) using the ‘vegan’
package in R (version 3.3.0; R Core Team, 2016). Analyses were limited to the 15 most
abundant taxa. Larval fish density data was square-root transformed to reduce the large
range of density values and the skewness of the data. This transformation affects the
dispersion of data within groups (e.g., within years or seasons) and should be taken into
account during the interpretation of the analysis (Anderson et al., 2008); however, this
approach is widely used in ecological analysis (Anderson, 2001; Anderson et al., 2008). If
patterns were detected from the nMDS plots, a permutational multivariate analysis of
variance (PERMANOVA) was employed (Anderson et al., 2008). This method is usually
used for analysis of biological communities to test for differences among samples, and
generates P-values using permutations. This method does not assume normal
distribution of errors (Anderson and Walsh, 2013). To ensure the analysis met the
assumptions of PERMANOVA, homogeneity of multivariate dispersion within groups was
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tested using the function ‘betadisper’ from the ‘vegan’ package in R. When the test
indicated heterogeneity of dispersion, further analyses were conducted to determine if
the differences between groups were caused by the differences in dispersion or a
combination of dispersion and actual differences in densities between groups. All
statistical analyses were conducted using the R software (version 3.3.0; R Core Team,
2016).
2.4. Larval fish assemblage structure analysis (univariate)
The larval fish assemblage structure was analyzed using metrics including species
richness (number of species), species diversity (Simpson’s diversity index), and
aggregate larval fish density (all species pooled). These metrics are commonly used in
ecological studies (e.g., Anderson and Clarke, 2008; Bucheister et al., 2013, Lefcheck et
al., 2014) and were chosen to facilitate comparisons of results with other studies.
Simpson’s diversity index gives more weight to the dominant species, and it was
calculated for each sampling week, by using the following formula:
𝑠

Simpson′ s diversity index = 1 − ∑𝑖=1 𝑝𝑖2
where p is the fraction of the total larval density belonging to the ith species at a
sampling week, given that at least one species was captured (Magurran, 2004). Index
values range from 0 to 1, and increase with species richness and evenness. For the
analysis observations with zero diversity were removed.
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Multiple linear regression models were used to investigate the relationship
between species richness and diversity, and selected covariates by applying generalized
linear models (GLM). The purpose was to explore different exponential family
distributions (e.g., normal, Gamma) to cope with heterogeneity of variance in the data
(Table 1). In the preliminary multiple correlation model, all of environmental variables
(temperature, salinity, dissolved oxygen, freshwater discharges from the York River and
Susquehanna River, water level and wind speed from north west) were included as
continuous covariates; year, month and week were modeled as categorical factors.
Interactions plots between explanatory variables were examined to determine potential
interactions.
The preliminary multiple linear regression model was defined by:
Yi = β0 + β1(YEAR)i + β2(MONTH)i + β3(WEEK)i +β4(TEMP)i +
β5(SAL)i + β6(DISYR)i + β7(DISSUS)i + β8(WL)i + β9(WIND)i + β10(DO)i + Ɛi,
where Yi : given response variable (e.g., species richness, diversity) for ith sampling week;
β0 : Overall mean of response variable;
β1-10: Partial regression coefficients accounting for the effect of explanatory
variables: YEAR, MONTH, WEEK, TEMP, SAL, DISYR, DISSUS, WL, WIND and DO;
YEARi: year as factor (2007 to 2014) for ith sampling week;
MONTHi: month as factor (1 to 12) for ith sampling week;
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WEEKi: week as factor (1 to 5) for ith sampling week;
TEMPi: mean temperature (°C) for ith sampling week;
SALi: mean salinity (ppt) for ith sampling week;
DISYRi: mean freshwater discharge in York River (m3 h-1 ) for ith sampling week;
DISSUSi: mean freshwater discharge in Susquehanna River (m3 h-1) for ith
sampling week;
WLi: mean water level (m) for ith sampling week;
WINDi: mean wind speed (m s-1) from North West for ith sampling week;
DOi : Dissolved oxygen (mg/l) for ith sampling week;
Ɛi,: Residual error.
GLMs with different probability distributions from the exponential family were
used (Zuur et al., 2013). Species diversity was modeled using a normal distribution
(Gaussian) and species richness was modeled using a Poisson distribution; those
probability distributions are suitable for continuous and count values respectively,
which corresponded to diversity and richness values. Aggregate larval-fish density
(species pooled) was log transformed (log (density) + 0.1) to account for the positively
skewed distribution of the density data. Both graphical and statistical analyses were
conducted to validate the models and verify underlying assumptions, including
homogeneity of variance (analysis of residuals), verification of independence, and
12

collinearity by examining values of variance inflation factors (VIF or GVIF^(1/(2*Df)) for
GLM’s as shown by R Core Team (2016). Model selection was made by using Akaike
Information Criteria (AIC) values; the explanatory variables that were not significant
were dropped from the model. Since there is no coefficient of determination ( R2 ) in
GLM models, the explained deviance was calculated using the following equation (Zuur
et al., 2013):

100 ×

𝑛𝑢𝑙𝑙 𝑑𝑒𝑣𝑖𝑎𝑛𝑐𝑒 − 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑑𝑒𝑣𝑖𝑎𝑛𝑐𝑒
𝑛𝑢𝑙𝑙 𝑑𝑒𝑣𝑖𝑎𝑛𝑐𝑒

Most of the procedures for data exploration and model selection were applied following
Zuur et al. (2010). Predicted values from each model were compared graphically with
the observed values for each response variable.
The final statistical model fitted to larval-fish diversity was:
Yi = β0 + β1(YEAR)i + β2(MONTH)i +Ɛi
Where Yi : Larval fish diversity for ith sampling week;
β0: Overall mean of larval fish diversity;
β1-2: Partial regression coefficients accounting for the effect of explanatory
variables: YEAR, MONTH;
YEARi: year as factor (2007 to 2014) for ith sampling week;
MONTHi: month as factor (1 to 12) for ith sampling week;
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Ɛi,: Residual error, assumed to be normally distributed with a mean of zero and constant
variance δ2.
The final statistical model fitted to the larval-fish richness was:
Yi = β0 + β1(YEAR)I + β2(MONTH)I + Ɛi
Where Yi : Larval fish richness for ith sampling week;
β0 : Overall mean of larval fish richness;
β1-2: Partial regression coefficients accounting for the effect of explanatory
variables: YEAR and MONTH;
YEARi: year as factor (2007 to 2014) for ith sampling week;
MONTHi: month as factor (1 to 12) for ith sampling week;
Ɛi,: Residual error, assumed to have a Poisson distribution with a mean equal to
variance σ2.
2.5. Annual larval fish index
Weekly mean larval fish densities (larvae 1000 m-3) from March 2007 to March
2015 (378 weeks) were used to calculate a nominal annual larval fish index for the total
larval fish density and for each of the five species of interest. For both larval fish density
and environmental data, a complete year was considered to be from March of the first
year to February of the second year to avoid truncating the year-class of winterspawning species.
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The nominal annual larval-fish index was calculated using geometric means to
account for the skewed distribution of the larval-fish density caused by the high
proportion of samples with low densities. Analysis suggested the density frequencies
had a lognormal distribution. The annual mean was obtained by log transforming the
larval density, and then adding a 0.1 constant to account for catches with densities close
to zero. This constant was picked because densities range from 0.0 - 8149.3 larvae 1000
m-3 and the proportion of low densities was higher. A total nominal annual larval-fish
index was calculated pooling the 15 most abundant species.
To examine and model the larval-fish density, multiple linear regression models
were applied to describe the means of larval-fish density (larvae 1000 m-3) as a function
of the covariates described in the previous section. Similar model diagnostics, model
validation and model selection procedures as outlined above were used to select
explanatory variables for inclusion in the final model.
The final statistical model fitted to larval-fish density was:
Yi = β0 + β1(YEAR)I + β2(MONTH)I + β3(SAL)i + Ɛi
Where Yi : Larval fish density for ith sampling week;
β0 : Overall mean of larval fish density;
β1-3: Partial regression coefficients accounting for the effect of explanatory
variables: YEAR, MONTH and SAL;
YEARi: year as factor (2007 to 2014) for ith sampling week;
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MONTHi: month as factor (1 to 12) for ith sampling week;
SALi: mean salinity (ppt) for ith sampling week;
Ɛi,: Residual error, assumed to be normally distributed with a mean of zero and
constant variance σ2.
2.6. Patterns of larval-fish density for target species
Inter-annual and intra-annual variations of larval-fish densities (larvae 1000 m-3)
were also examined for five target taxa: Atlantic Menhaden (Brevoortia tyrannus),
Anchovy (Anchoa spp., primarily A. mitchilli but also A. hepsetus), Atlantic Croaker
(Micropogonias undulatus), American Eel (Anguilla rostrata), and Summer Flounder
(Paralichthys dentatus). The larval densities of those taxa were also modeled using
multiple regression models (GLM) with the same environmental factors that were
described above. Similar model selection, model diagnostics and model validation
procedures outlined above were used to determine the explanatory variables for
inclusion in the final model.
To calculate the annual larval densities for each of the five taxa, only months
when those taxa were more abundant were used to calculate their abundance. For
example, the density index for Anchoa spp. was calculated based on densities from June
to September to avoid including high frequency of zeros in the analysis. For the analysis
of the five target species, monthly and annual densities were calculated.
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3. Results
From March 2007 to March 2015, 378 sampling events were conducted, a total
of 146,503 larvae were collected, with representatives of 41 species from 24 families;
represented by 8 species, being Scienidae the richest family. From this point on, the
term taxa will be used instead of species because some species were grouped at the
genus or family level for possible misidentifications (e.g., Anchoa spp., Bleniidae).
Ranked by density (larvae 1000m-3) the most abundant taxa were Anchovy,
Naked Goby (Gobiosoma bosc), Green Goby (Microgobius thalassinus), Atlantic Croaker
and Atlantic Menhaden (Table 2, Figure 2), in overall these five taxa accounted for 95%
of total number of larvae. The dominant taxon was Anchoa spp., which accounted for
57% of the total catches. Each year the proportion of contribution of each of those taxa
varied, but in general they continued to dominate the assemblage. The taxonomic
composition of the larval fish assemblage was representative of species that commonly
inhabit the Bay, but also early stages from other rarely recorded species in the Bay, such
as Speckled Worm (Eel Myrophis punctatus), were recorded in the York River catches.
Taxa in the collections reflected the diversity of estuarine (e.g., Anchovy, Silver Perch),
marine (e.g., Atlantic Menhaden), and catadromous (i.e., American Eel) species that
uses the Chesapeake Bay and York River systems.
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3.1. Larval fish assemblage (multivariate analysis)
Non-metric multidimensional scaling (nMDS) plots and PERMANOVA revealed no
annual differences in the larval-fish assemblage (Mean Squares (MS)= 0.18, F Model (F)=
1.10, p= 0.36); but there was a strong seasonal difference (MS=10.01, F=60.27,
p=0.001), identified by the occurrence of two distinct assemblages (Table 3, Figure 3).
These comprised one from September to April (fall-spring), and a second assemblage
during summer, May through August. The fall-spring assemblage is characterized by the
presence of fewer species compared to summer, and included primarily oceanic
spawners, such as B. tyrannus, M. undulatus, P. dentatus, and Anguilla rostrata; while
the summer assemblage was characterized by the occurrence of resident taxa such as
Anchoa spp., G. bosc, M. thalassinus, Syngnathus fuscus and Hippocampus erectus, in
addition to other species with lower densities.
3.2. Larval fish assemblage (univariate analysis): diversity, richness and larval density
Nominal annual means of taxonomic diversity (Simpson’s index values range
from 0 to 1, values closest to one indicate higher diversity), ranged from 0.33 to 0.51.
Diversity was consistent from 2007-2013 and seemed to decrease only during 2014
(Table 5, 6; Figure 4); monthly differences were found during the summer months which
had the largest values of diversity compared with winter months (Figure 4). The multiple
regression model with the best fit explained 14% of deviance on the larval-fish diversity,
the validation (diagnostic plots) indicated that a normal distribution fits the diversity
data (Figure 6). The model included year and month, as the only significant covariates
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(Table 4), the rest of the explanatory variables were not significant in the model.
Predicted values from the model moderately agree with the pattern of nominal annual
means of diversity among years (Table 6, Figure 5).
In overall nominal annual means of taxonomic richness ranged from 5 to 7, with
the greatest richness observed from 2007 to 2009; richness decreased and remained
constant as of 2010 (Table 5, 8; Figure 7). Number of species increased towards the
summer months (June-October), when the greatest number of species was found (Table
5, 8, Figure 7). The model for taxonomic richness used a Poisson distribution to describe
richness data, which also was graphically confirmed by the diagnostic plots (Figure 8).
Taxonomic richness was better described only with year and month as covariates; this
model had the best fit of the models considered and explained 55% of the deviance; the
predicted values generated by the model also agreed with the pattern shown by the
nominal annual larval-fish richness (Table 8, Figure 9).
A nominal annual larval-fish density index was obtained using geometric means.
The index showed greater larval-fish densities in 2009 compared with the other years
(Tables 5, 9; Figure 10). Monthly larval-fish densities peaked during July and August
(Figure 10), which also matched the monthly peaks on the larval-fish richness. Of the
covariates considered, the temporal covariates year and month, and salinity were
significant in the model, suggesting an increase of larval-fish density during summer and
with an increase in salinity. The categorical variables year and month, explained a larger
proportion of deviance than salinity. The predicted values from the model showed a
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similar pattern of larval-fish density as the nominal index of larval fish density (Table 7,
Figure 11).
In summary, all models indicated that year and months recover the variation in
the larval fish assemblage, showing their seasonality across the years. In general, the
metrics show stability of the assemblage, matching results from the multivariate
analysis with only slightly changes from year to year. After the first three years, there
was a decline in richness and density, but later those metrics remained stable and did
not change dramatically.
3.3. Larval densities for target species
Each target species showed different patterns on abundance compared with the
overall larval fish density (i.e., all species pooled), and the multiple regression models
showed that models with only year and month outperformed models that included
more environmental covariates. The models explained between 30% and 57% of null
deviance (Table 4), most of them showed correspondence with the nominal means of
the larval fish densities of each species under study.
Anchovy was the most abundant larval fish taxon in the York River; catches were
constant since 2007, representing 57% of the total number of larval fishes captured,
driving the abundance of the assemblage. In general, year to year Anchovy densities
were constant (represented as geometric means) only with differences on annual
densities between 2007 and 2012 (Tables 10, 11) (Figure 13). Anchovy densities were
modeled as function of year, month, temperature and interaction between year and
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month; this model explained 52% of deviance. The interaction represented how for
different years, Anchovy increased or decreased during a particular month. Predicted
larval densities from the model moderately agreed with the pattern of nominal
geometric means (Tables 10, 11). Monthly Anchovy densities increased with
temperature, which corresponded with the increase on temperature during summer.
American Eel (glass eel stage) had greater densities in February and March; through the
years its annual densities were stable, with exception of 2012 when the lowest densities
(7.92 larvae 1000 m-3) were recorded (Tables 10, 13, Figure 14). The multiple-regression
model had year and month as explanatory variables, and explained 33% of the deviance
(Table 4). The predicted larval-fish densities from the model moderately followed the
pattern of the nominal American Eel mean values (Tables 10, 12, Figure 14).
Atlantic Croaker larvae were more abundant during the fall, reaching peaks of
density around December. The nominal annual densities showed large abundance
during the first and second year of the time series, and then a decrease, reaching low
values during the year 2011 and 2012 (Table 14, Figure 15). To adjust for the presence
of zeros in the data, the best model fitted was a delta-lognormal model, in which the
zeros are modeled with a binomial distribution and the positive values were modeled
following a lognormal distribution (Table 1). The results of both (binomial and
lognormal) models showed that the factors that affected Atlantic Croaker larvae
densities were year and month, the remaining factors such as wind speed, freshwater
discharge, were not significant. The lognormal model explained 56% of the deviance,
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while the binomial model explained 25% of deviance (Table 4). The predicted densities
for Atlantic Menhaden showed similar patterns of density through time (Table 14,
Figure 15).
Atlantic Menhaden larvae, similar to Atlantic Croaker larvae, occur during the
winter and had a peak abundance in February. The density of this species was higher
during 2008-2009 and showed a decline in the density during 2011 (Figure 16). Year,
month and interaction between those, were the three factors influencing density of
Atlantic Menhaden, the remaining factors were not significant in the model. The best
way to describe larval fish density was modeling the zeros as a binomial component and
the positive values as a lognormal component (Table 1). The binomial component
explained 25% of deviance, and the positive, lognormal model, explained 54% of
deviance (Table 4). This model included year and month and their interaction; this
interaction was added because, as expected, in some years the peaks of abundance
occurred at different times, which lead to having interactions between those categorical
variables. The predicted density showed a moderate fit with the observed densities of
Atlantic Menhaden (Table 15, Figure 16), but follows the pattern in the nominal density
values of Atlantic Menhaden across years.
Summer Flounder larvae occurred in the York River during winter-spring with a
peak in abundance around February. The predicted annual index was presented using
mean densities (Table 10). Summer Flounder co-occurs with Atlantic Menhaden, and
both exhibited similar patterns of abundance across years, although Summer Flounder
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densities were somewhat stable from 2007 to 2014 (Table 15, Figure 17). The zeros
were modeled as a binomial distribution and the positive values as a gamma distribution
(Table 1); this model explained 44% of deviance (Table 3). The predicted values from the
model (Table 16) agreed with the patterns of the nominal annual densities for Summer
Flounder (Figure 10). Unlike other models, dissolved oxygen was significant for the
binomial component of the model. As in the other models, year and month
outperformed the other covariates used.
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4. Discussion
4.1. Larval fish assemblage
The present study showed inter-annual stability of the larval-fish assemblage in
the York River from 2007 to 2014; the dominant taxa occurred consistently in each of
the eight years of collection and had a large contribution in terms of numbers to the
total larval-fish assemblage. Anchovy larvae (primarily A. mitchilli) were the most
abundant taxon and together with Naked Goby and Green Goby, were dominant in
density and rank of order. Such dominance of the assemblage by resident taxa or
estuarine species has been also reported across estuarine systems and by other studies
in estuarine systems along the Middle Atlantic Bight (MAB), including the Great BayLittle Egg Harbor (Able and Fahay, 2010), Delaware Bay and the southern portion of
Chesapeake Bay (Ribeiro et al., 2015), and the North Inlet Estuary, South Carolina (Allen
and Baker, 1990). Results from the statistical models also suggest high degree of
‘predictability’ of larval-fish density (species pooled), taxonomic diversity, and
taxonomic richness at both intra- and inter-annual scales, despite some variations in the
time of occurrence or peaks of abundance. Such annual regularity in the assemblage
structure matched with findings of long-term studies that span from 5 to 17 years (Allen
and Baker, 1990; Witting et al. 1999; Able and Fahay, 2010). The strong seasonal
variation pattern in the York River assemblage was also identified by Ribeiro et al.
(2015), with the occurrence of a summer and fall-spring (i.e., their “winter”)
assemblages. The seasonal changes of the larval assemblage are related to the dynamics
of the ichthyofauna and reproductive patterns of adults of species inhabiting the
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Chesapeake Bay and the York River system, seasonal patterns commonly found in
temperate estuaries. In the late summer, fish diversity reaches a maximum and also
resident species such as Bay Anchovy have their reproductive peak; during the fall and
winter months, diversity decreases and coastal spawning species, such as Atlantic
Menhaden and Summer Flounder, begin their reproductive periods (Jung and Houde,
2003; Murdy and Musick, 2013; Nys et al., 2015). Interestingly, some of species such
Speckled Worm Eel that were collected as larvae are not recorded by the VIMS Juvenile
Fish Survey (Tuckey and Fabrizio, 2014), which may be due to differences in sampling
gear selectivity. Because of the location of the sampling station in the York River (i.e., in
the southern portion of the Bay), a mosaic of marine and freshwater species can be
found (Hewitt et al., 2009), which is also reflected in the larval fish assemblage
composition.
In general the annual larval fish assemblages were constant through the years,
and the analysis of taxa diversity (Simpson’s diversity index), taxonomic richness
(number of species), and total larval-fish density (all species pooled) followed similar
patterns, showing drops or peaks on the same seasons and close years, with minor
variations. Some of the metrics suggested that the first years (2007-2009) had greater
number of both taxa and number of larval fishes; however those variations are not
reflected by the diversity index, which by definition incorporates number of species and
density (evenness) in the index. The fitted GLMs on the observed data indicated that
temperature and salinity may have positive effect on the patterns of the number of the
abundance of larval fishes, although those patterns were well described primarily by
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year and month. Year and month capture salinity and temperature variations in the York
River system, factors that have been described to have an effect on the timing of
migratory patterns and reproductive periods of the ichthyofauna of the Chesapeake Bay
(Jung and Houde, 2013; Able and Fahay, 2010; Bucheister et al., 2013). The metrics of
taxonomical diversity and richness are commonly used as indicators of the ecosystem
functionality (Goldstein, 1999; Lefcheck et al., 2014), and can provide an understanding
of how disturbances (e.g., hurricanes, toxic algal blooms) could affect the ecosystem
functionality, by examining variation on taxonomical diversity, including diversity of
juvenile, adult and larval fishes in the lower York River. The long term data obtained
from the Larval Fish Monitoring program (2007 - 2014), the long time series, provide a
way to quantify the short and long term impacts, and potential effects in the York River
system. During 2011 Hurricane Irene and Tropical Storm Lee (August - September)
impacted the Chesapeake Bay region by heavy rainfall to the Bay watershed in summer
(Hirsch, 2012); during 2011 the overall density of larval fishes and Anchovy showed the
lowest densities from 2007-2014, which may be indicative of the effect or disruption on
the larval assemblage, results from the models indicated at least for overall density
salinity, which can be a proxy of rainfall input in the Bay, had an effect on larval fish
density.
The annual patterns of density were constant for the larval-fish assemblage. The
analysis of the assemblage’s metrics (diversity, richness, and density of larval fishes)
showed a similar significant seasonal variability, being summer when density and
number of taxa will peak. Environmental factors thought to have an effect on
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assemblage structure (e.g., freshwater discharge of the York River, and water level in
York River as a proxy of water height), were shown to not be significant. This, however,
may be only an indication of the need to include more sampling stations along a broader
spatial scale to incorporate natural gradients and variations in the environment at the
local and regional scales (such as salinity gradients, changes in depth, and circulation
patterns). The assemblage was better described by temporal variables such year and
month, which capture the seasonality of physical changes in the Bay (e.g., temperature,
salinity more so than dissolved oxygen) which may mask and describe better the
seasonality and variations on the larval assemblage.
4.2. Temporal pattern of abundance for five target species
Each one of the species abundances that were analyzed showed different annual
density patterns. Anchovy was the most abundant taxon, which was an expected result
because the species are the most abundant fishes in the Chesapeake Bay, and especially
in the southern portion of the Bay (Houde and Zastrow, 1991; Murdy et al., 1997; Auth,
2003). Anchovy dominance in summer is related to higher temperatures during these
months in the Chesapeake Bay and York River (Auth, 2003), during the summer larvae
and juvenile Anchovies are more abundant in the top 3 m surface (Houde and Zastrow,
1991). Larvae Anchovy also had a notable increase on density during 2012, a peak also
observed in abundances of the YOY in the lower portion of the Bay for that year class
(Tuckey and Fabrizio, 2014), visual interpretations of the plots suggest there may be a
correspondence in the patterns of abundance of larval Anchoa spp. and YOY juvenile
abundances from the VIMS Juvenile Trawl Survey (Tuckey and Fabrizio, 2014).
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The variation in the abundance pattern of Anchovy was different compared with
the patterns of densities observed for coastal spawners such as Atlantic Menhaden,
Atlantic Croaker, and Summer Flounder. Coastal spawners showed patterns in which the
early years of the time series there were greater densities, followed by a decrease
between 2010 and 2011 and an increase in the 2013-2014. Because no environmental
factors were found to be significant, this may suggest that other physical and biological,
or their interaction (e.g., timing of spawning, hatching and transport), may affect the
larval supply in the York River, or local environmental factors that were not considered
in this study maybe important in explaining annual variation.
The annual larval densities of the five target species presented fairly stable
patterns of abundance from 2007 to 2014, with slight differences between some of the
years. Notably, the pattern displayed by the estuarine taxon (Anchovy) was different
from that of coastal spawners (Atlantic croaker, Atlantic Menhaden, and Summer
Flounder). While Anchovy exhibited an increase during 2012, the other target species
showed a decrease around 2010-2012. Interestingly densities of larvae of American Eel
(oceanic spawner) showed a decrease in abundances during 2012, similar to Anchovy
density pattern. This suggests that the effects of the changes of the conditions in the
environment, as captured by season and year, are species-specific, and related to the
life history patterns.
Environmental covariates included in the models were primarily for the York
River conditions, and these local factors seemed not to explain much of the variation in
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the larval-fish density. In the future, it will be necessary to incorporate in the analysis
factors that may affect the larval supply and timing of entrance to the Chesapeake Bay
and York River in particular. However, the models used in this study showed good
estimation of densities by using year and month. Similar results were identified also in
long-term series of data for demersal fishes of the Chesapeake Bay (Bucheister et al.
2013). It is important to note that the present study covered eight years of data, and
was based on collections from a fixed station located in the lower portion of the York
River. Larger spatial and temporal scales may show ‘decadal’ patterns in the larval-fish
assemblage that may be explained by environmental factors.
The larval fish sampling program has generated valuable information of larval
fish densities for the York River system, the fifth largest tributary of the Chesapeake Bay.
The mouth of the York River is in close proximity to the mouth of the Bay and is used by
several species of fishes during the larval, juvenile and adult stages; this includes species
of recreational and economical importance (e.g., Atlantic Croaker, Atlantic Menhaden,
Summer Flounder). In the York River, 40 taxa representing 30% of the finfish fauna
known to occur in the lower York River (approximately 130; Hewitt et al., 2009) were
encountered as early life stages in collections made by the program, suggesting that the
system may be of importance and essential fish habitat, including those of commercial
and recreational interest such as Summer Flounder and Atlantic Croaker. This is one of
the few studies that based on long time-series data and incorporating in the analysis the
effect of environmental factors added to the knowledge of the larval fish assemblage in
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the York River. The continuity of this monitoring program is necessary to identify and
somehow quantify effects of disturbances in the York River.
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6. TABLES
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Table 1. Summary of the Generalized linear models (GLMs) and probability distributions used for species richness, taxa diversity
(Simpson’s index), larval fish density (larvae 1000 m-3), Anchovy larval fish density, American eel density, Atlantic Croaker density,
Atlantic Menhaden density and Summer Flounder density in the York River, Chesapeake Bay, from 2007-2014.

Larval fish diversity

Probability
distributions used
for the Generalized
Linear Model
Gaussian

Larval fish richness

Poisson

Larval fish index

Gaussian

Anchovy density annual index

Gaussian

American eel density annual index

Gaussian

Explanatory variable

Atlantic Croaker density annual index

Delta-Lognormal

Atlantic Menhaden density annual
index

Delta-Lognormal

Summer Flounder density annual
index

Delta-Lognormal

Rationale
Continuous diversity data frequencies indicated normal
distribution
Discrete values of number of species (count data) indicated
Poisson distribution
Continuous density data, log transformed, low frequency of
zeros
Continuous density data frequencies indicated normal
distribution
Continuous density data frequencies indicated normal
distribution
High frequency of zeros in density data, zeros modeled using
binomial distribution, positive values modeled using Gaussian
distribution
High frequency of zeros in density data, zeros modeled using
binomial distribution, positive values modeled using Gaussian
distribution
High frequency of zeros in density data, zeros modeled using
binomial distribution, positive values modeled using Gamma
distribution
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Table 2. Species densities (larvae 1000m-3) in the York River from March 2007 to March
2015. Mean density, total number of larvae and frequency of occurrence. Taxa in bold
represent top 15 most abundant species. Blenniidae* includes (Chasmodes bosquianus
and Hypsoblennius hentz) co-occurring species.
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Taxa
Anchoa spp.
Gobiosoma bosc
Microgobius thalassinus
Micropogonias undulatus
Brevoortia tyrannus
Bairdiella chrysoura
Anguilla rostrata
Leiostomus xanthurus
Syngnathus sp.
Symphurus plagiusa
Paralichthys dentatus
Menidia sp.
Blenniidae *
Cynoscion nebulosus
Sciaenops ocellatus
Cynoscion regalis
Gobiesox sp.
Trinectes maculatus
Hippocampus erectus
Menticirrus sp.
Stellifer lanceolatus
Peprilus sp.
Myrophis punctatus
Sphoeroides sp.
Clupea harengus
Alosa aestivalis
Conger oceanicus
Hyporhamphus meeki
Synopdus foetens
Chaetodipterus faber
Lagodon rhomboides
Mugil cephalus
Chaetodon sp.
Ctenogobius boleosoma
Oligoplites saurus
Opisthonema oglinum
Urophycis regia
Prionotus sp.
Sparidae

Abbrev.
Anchoa
G_bosc
M_thal
M_undu
B_tyra
B_chrys
A_rost
L_xant
Syng_sp
S_plagi
P_dent
Meni_sp.
H_hent
C_nebu
S_ocel
C_rega
Gobiesox
T_macu
H_erec
Menti_sp
S_lanc
Prepilus
M_punc
Sphoeroides
C_har
A_aesti
C_ocea
H_mee
S_foet
C_faber
L_rhom
M_ceph
Chaetodon
C_bole
O_saurus
O_ogli
U_regia
Prionotus
Sparidae
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Mean density
(no. larvae
1000m-3)
356.73
111.54
59.67
43.63
26.48
9.67
7.00
6.04
3.74
3.10
2.54
2.29
1.09
1.08
1.05
0.82
0.72
0.50
0.46
0.28
0.24
0.19
0.13
0.08
0.08
0.08
0.03
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00

Total
no.
larvae
80707
21222
14158
10369
9008
1183
2244
2534
924
833
846
679
240
197
312
221
148
109
109
83
49
34
36
11
20
28
5
5
4
3
3
3
1
1
1
1
1
1
1

Frequency
293
153
119
187
200
41
156
98
184
77
107
97
81
40
41
34
43
28
45
30
9
11
14
9
4
9
4
2
3
3
3
3
1
1
1
1
1
1
1

Table 3. Pemutational ANOVA (PERMANOVA) results for the larval fish assemblage in
the York River from 2007-2014. The PERMANOVA test is based on differences on the
similarity matrix (Bray-Curtis distances). The model included YEAR and SEASON (factor
with two levels: summer and fall-spr) as categorical variables. Df: degrees of freedom;
SS: sum of squares; MS: mean square; F ratio: F-ratio; p value.

YEAR
SEASON
Residuals
Total

Df

SS

MS

F ratio

p

7
1
87
95

1.29
10.01
14.50
25.80

0.18
10.01
0.17

1.10
60.07

0.36
0.001
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Table 4. Generalized linear models (GLMs) of species richness, taxa diversity (Simpson’s index), larval fish density (larvae 1000 m -3),
Anchovy larval fish density, American eel density, Atlantic Croaker density, Atlantic Menhaden density and Summer Flounder density
in the York River from 2007-2014. Models include an intercept (β0), partial regression coefficients (β) and residual error (Ɛ) for each
week (i) sampled, and various explanatory variables: year, month, salinity, water temperature and dissolved oxygen. Percent of total
deviance (% Dev) explained by each model is also presented.
Explanatory variable
Larval fish diversity

Model

Larval fish richness

Richnessi = β0 + β1(YEAR)i + β2(MONTH)i + Ɛi

55

Larval fish index

log(density+0.1)i = β0 + β1(YEAR) i + β2(MONTH) i + β3(SAL)i + Ɛi

54

Anchovy annual index

log(density+0.1)i = β0 + β1(YEAR) i + β2(MONTH) i + β3(TEMP)i +β4(YEAR i * MONTH i) + Ɛi

52

American eel annual index

log(density+0.1)i = β0 + β1(YEAR) i + β2(MONTH) i + Ɛi

33

Atlantic Croaker annual index

(Presence|Absence)i = β0 + β1(YEAR) i + β2(MONTH) i + Ɛ i
Positive values i = β0 + β1(YEAR) i + β2(MONTH) i + Ɛ i
(Presence|Absence)i = β0 + β1(YEAR) i + β2(MONTH) i + Ɛ i
Positive values i = β0 + β1(YEAR) i + β2(MONTH) i + β3(YEAR i * MONTH i) +Ɛ i
(Presence|Absence) i= β0 + β1(YEAR) i + β2(MONTH) i + β3(DO)i + Ɛi

25
56
25
54
31

Positive values i = β0 + β1(YEAR) i + β2(MONTH) i + Ɛ i

44

Atlantic Menhaden annual index
Summer Flounder annual index

Diversityi = β0 + β1(YEAR)i + β2(MONTH)i +Ɛi

42

% Dev
15

Table 5. Larval fish assemblage metrics in the York River from 2007 to 2014 (nominal
means). N: number of weeks sampled, nominal mean Simpson’s diversity index (±95%
confidence interval), nominal mean species richness (±95% confidence interval),
nominal mean density (larvae 1000 m-3), and nominal geometric mean Index.
Year

N

Species
Richness
(Number of taxa)

Annual mean
density
(larvae 1000 m-3)

Geometric
Mean
(larvae 1000 m-3)

50

Species
Diversity
(Simpson’s
index)
0.48±0.05

2007

6.74±0.96

825.30± 343.56

233.0

2008

48

0.45±0.05

6.65±0.88

774.35± 415.92

233.3

2009

51

0.45±0.05

6.24±0.66

790.61± 287.11

295.7

2010

47

0.41±0.06

5.24±0.69

674.30± 431.52

141.8

2011

48

0.51±0.06

5.31±0.71

504.91± 367.81

99.4

2012

46

0.48±0.05

5.12±0.80

861.62± 527.72

123.0

2013

45

0.46±0.06

5.14±0.75

410.64± 290.10

129.7

2014

43

0.33±0.07

4.78±0.76

305.49± 171.46

135.9

43

Table 6. Summary of coefficients for the generalized linear model (Table 3) for
taxonomic diversity in the York River from 2007-2014, modeled as function of year and
month. Intercept correspond to year 2007. Estimates (sign of the estimate indicates the
direction of the relationship), standard errors, t values, and p values for t distribution
are given.
Coefficients
Intercept
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 2
Month 3
Month 4
Month 5
Month 6
Month 7
Month 8
Month 9
Month 10
Month 11
Month 12

Estimate Standard Error

t-value

P

0.5600
-0.0167
-0.0264
-0.0618
0.0284
-0.0005
-0.0229
-0.1464
-0.0650
-0.0426
-0.0746
-0.0708
-0.1508
0.0070
-0.0110
-0.1109
-0.1281
-0.1461
-0.1677

14.5270
-0.4510
-0.7210
-1.6510
0.7420
-0.0130
-0.6020
-3.6840
-1.4470
-0.9970
-1.7040
-1.5910
-3.4140
0.1330
-0.2200
-2.5320
-2.8510
-3.1580
-3.7660

< 2e-16
0.6523
0.4714
0.0996
0.4587
0.9893
0.5474
0.0003
0.1488
0.3197
0.0893
0.1126
0.0007
0.8940
0.8256
0.0118
0.0046
0.0017
0.0002

0.0385
0.0370
0.0366
0.0374
0.0383
0.0380
0.0381
0.0397
0.0449
0.0428
0.0438
0.0445
0.0442
0.0527
0.0500
0.0438
0.0449
0.0463
0.0445
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Table 7. Predicted annual values from the generalized linear models (GLMs) for
taxonomic diversity (Simpson’s index), species richness and larval fish density (larvae
1000 m-3) in the York River from 2007-2014.
Year

Diversity

Richness

Larval density

2007
2008
2009
2010
2011
2012
2013
2014

0.43
0.47
0.33
0.37
0.46
0.58
0.53
0.43

6.95
6.91
6.33
5.34
5.25
5.39
5.23
5.03

753.74
887.17
1071.94
425.54
359.55
389.07
428.19
466.00
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Table 8. Summary of coefficients for the generalized linear model (GLM) for taxonomic
richness in the York River from 2007-2014, modeled as function of year and month.
Intercept correspond to year 2007. Estimates (sign of the estimate indicates the
direction of the relationship), standard errors, z values, and P values for Z distribution
are given.
Coefficients

Estimate

Standard Error

z-value

p

(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 2
Month 3
Month 4
Month 5
Month 6
Month 7
Month 8
Month 9
Month 10
Month 11
Month 12

1.8220
-0.0058
-0.0943
-0.2631
-0.2798
-0.2552
-0.2851
-0.3233
0.0724
-0.1181
-0.3074
-0.0192
0.4232
0.3800
0.5899
0.5214
-0.1981
-0.3661
-0.2027

0.0882
0.0784
0.0788
0.0847
0.0865
0.0868
0.0869
0.0932
0.1060
0.1062
0.1150
0.1076
0.0962
0.1123
0.1014
0.0938
0.1140
0.1245
0.1132

20.6460
-0.0740
-1.1970
-3.1060
-3.2340
-2.9400
-3.2810
-3.4680
0.6820
-1.1130
-2.6740
-0.1790
4.4000
3.3840
5.8180
5.5600
-1.7380
-2.9400
-1.7900

< 2e-16
0.9408
0.2313
0.0019
0.0012
0.0033
0.0010
0.0005
0.4949
0.2659
0.0075
0.8583
0.0000
0.0007
0.0000
0.0000
0.0822
0.0033
0.0735
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Table 9. Summary of coefficients for the generalized linear model (GLM) for larval fish
density in the York River from 2007-2014, modeled as function of year month and
salinity. Intercept correspond to year 2007. Estimates (sign of the estimate indicates the
direction of the relationship), standard errors, t values, and p values for t distribution
are given.
Coefficients
(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 2
Month 3
Month 4
Month 5
Month 6
Month 7
Month 8
Month 9
Month 10
Month 11
Month 12
Salinity

Estimate

Standard Error

t value

p

4.8019
0.1630
0.3522
-0.5717
-0.7402
-0.6613
-0.5655
-0.4808
0.4775
-0.3405
-0.0498
-0.1024
2.4760
2.9861
2.3319
1.9986
-0.5597
-1.0433
-0.6121
0.3445

0.2818
0.2657
0.2777
0.2653
0.3244
0.2671
0.2727
0.2749
0.3177
0.3088
0.3298
0.3377
0.3217
0.3693
0.3618
0.3162
0.3182
0.3211
0.3147
0.1135

17.0370
0.6140
1.2680
-2.1550
-2.2820
-2.4750
-2.0740
-1.7490
1.5030
-1.1030
-0.1510
-0.3030
7.6970
8.0870
6.4450
6.3200
-1.7590
-3.2500
-1.9450
3.0330

< 2e-16
0.5399
0.2055
0.0318
0.0231
0.0138
0.0388
0.0811
0.1337
0.2710
0.8801
0.7618
0.0000
0.0000
0.0000
0.0000
0.0795
0.0013
0.0526
0.0026
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Table 10. Nominal annual mean densities for Anchoa spp., A. rostrata, M. undulatus, B.
tyrannus, and P. dentatus (target taxa) in the York River from 2007-2014. * denotes
annual mean densities are based on geometric means.
Year
2007
2008
2009
2010
2011
2012
2013
2014

Anchoa spp.*
664.36
811.66
917.68
722.17
390.41
1225.28
197.70
531.68

A. rostrata
21.59
23.46
14.07
29.46
21.42
7.92
14.02
18.36

M. undulatus
516.81
145.99
93.19
18.61
2.52
4.55
73.89
42.32
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B. tyrannus*
9.59
40.64
26.28
16.39
3.64
11.60
53.38
9.79

P. dentatus
9.44
5.82
23.62
0.71
3.18
8.57
14.91
4.00

Table 11. Summary of coefficients for the generalized linear model (GLM) for Anchovy
Anchoa spp. density in the York River from 2007-2014, modeled as function of year
month, temperature and interaction between year and month. Intercept correspond to
year 2007. Estimates, standard errors, t values, and p values for t distribution are given.
Coefficients
(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 7
Month 8
Month 9
Temperature
Year 2008:month7
Year 2009:month7
Year 2010:month7
Year 2011:month7
Year 2012:month7
Year 2013:month7
Year 2014:month7
Year 2008:month8
Year 2009:month8
Year 2010:month8
Year 2011:month8
Year 2012:month8
Year 2013:month8
Year 2014:month8
Year 2008:month9
Year 2009:month9
Year 2010:month9
Year 2011:month9
Year 2012:month9
Year 2013:month9
Year 2014:month9

Estimate

Standard Error

t value

p

1.8711
0.6970
2.1582
1.9686
0.8105
2.4922
0.3539
1.4186
0.6979
1.2946
1.6691
2.7979
-2.0706
-2.2338
-1.0785
-0.1650
-2.3216
0.0126
-0.9177
-0.0169
-3.2216
-3.7001
-3.4578
-3.7483
-1.6420
-2.2641
-0.1597
-1.5243
-3.3008
-1.4163
-2.1042
-1.8755
-2.0747

1.0188
0.8219
0.8165
0.7903
0.7853
0.8164
0.8219
1.0000
0.9087
0.8905
0.8948
0.7614
1.5635
1.1737
1.3094
1.3093
1.3403
1.3346
1.4543
1.2301
1.2021
1.2803
1.1975
1.2948
1.2978
1.4293
1.2106
1.2142
1.1682
1.2071
1.2481
1.1784
1.3395

1.8370
0.8480
2.6430
2.4910
1.0320
3.0530
0.4310
1.4190
0.7680
1.4540
1.8650
3.6750
-1.3240
-1.9030
-0.8240
-0.1260
-1.7320
0.0090
-0.6310
-0.0140
-2.6800
-2.8900
-2.8880
-2.8950
-1.2650
-1.5840
-0.1320
-1.2550
-2.8260
-1.1730
-1.6860
-1.5920
-1.5490

0.0704
0.3992
0.0101
0.0151
0.3055
0.0032
0.6681
0.1603
0.4450
0.1503
0.0662
0.0005
0.1896
0.0610
0.4129
0.9000
0.0875
0.9925
0.5301
0.9891
0.0091
0.0051
0.0051
0.0050
0.2099
0.1176
0.8955
0.2134
0.0061
0.2445
0.0961
0.1159
0.1258
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Table 12. Generalized linear models (GLMs) predicted values for the larval fish density
(larvae 1000 m-3) in the York River from 2007-2014 for Anchoa spp., A. rostrata, M.
undulatus, B. tyrannus and P. dentatus.
Year

Anchoa spp.

A. rostrata

M. undulatus

B. tyrannus

P. dentatus

2007

151.93

10.36

335.60

16.80

10.66

2008

305.01

35.84

188.25

21.57

6.34

2009

1315.04

22.49

76.90

14.15

20.47

2010

1087.94

41.34

21.71

12.19

0.33

2011

341.67

18.95

4.04

1.24

2.57

2012

1836.48

6.58

7.51

3.00

7.43

2013

216.44

29.55

68.61

8.39

13.38

2014

627.66

32.16

45.62

12.24

4.04
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Table 13. Summary of coefficients for the generalized linear model (GLM) for American
eel A. rostrata density in the York River from 2007-2014, modeled as function of year
and month. Intercept correspond to year 2007. Estimates, standard errors, t values, and
p values for t distribution are given.
Coefficients
(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 2
Month 3
Month 4

Estimate

Standard Error

t value

p

0.7603
1.2406
0.7748
1.3834
0.6033
-0.4548
1.0476
1.1323
1.5134
0.9685
-0.5553

0.4052
0.4940
0.5010
0.5010
0.5010
0.5010
0.4940
0.5010
0.3611
0.3451
0.3523

1.8760
2.5110
1.5470
2.7610
1.2040
-0.9080
2.1210
2.2600
4.1910
2.8070
-1.5760

0.0629
0.0133
0.1244
0.0066
0.2307
0.3657
0.0359
0.0255
0.0001
0.0058
0.1175
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Table 14. Summary of coefficients for the generalized linear model (GLM) for Atlantic
Croaker M. undulatus density in the York River from 2007-2014, modeled as function of
year and month. Coefficients for the binomial and lognormal components are
presented. Intercept correspond to year 2007. Estimates, standard errors, t values, and
p values for t distribution are given.

Coefficients
(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 10
Month 11
Month 12
(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 10
Month 11
Month 12

Binomial component
Estimate Standard Error
19.2303
2508.2598
-0.0689
3596.9607
-16.7682
2508.2600
-17.6561
2508.2599
-18.9298
2508.2598
-18.3537
2508.2598
0.0352
3721.2185
-16.7950
2508.2600
0.0939
0.7957
0.6592
0.8397
0.9689
0.9360
Lognormal component
5.0943
0.3413
-0.5781
0.4135
-1.4195
0.4135
-2.6118
0.4366
-4.0263
0.4561
-3.5603
0.4356
-1.5874
0.4272
-1.9403
0.4203
-0.1645
0.3128
-0.3427
0.3123
0.4110
0.3099
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t value

p

0.0080
0.0000
-0.0070
-0.0070
-0.0080
-0.0070
0.0000
-0.0070
0.1180
0.7850
1.0350

0.9940
1.0000
0.9950
0.9940
0.9940
0.9940
1.0000
0.9950
0.9060
0.4320
0.3010

14.9280
-1.3980
-3.4330
-5.9820
-8.8290
-8.1730
-3.7160
-4.6170
-0.5260
-1.0970
1.3260

< 2e-16
0.1649
0.0008
0.0000
0.0000
0.0000
0.0003
0.0000
0.6000
0.2748
0.1874

Table 15. Summary of coefficients for the generalized linear model (GLM) for Atlantic
Menhaden B. tyrannus density in the York River from 2007-2014, modeled as function of
year, month and interaction between year and month. Coefficients for the binomial and
lognormal components are presented. Intercept correspond to year 2007. Estimates,
standard errors, t values, and p values for t distribution are given.

Coefficients
(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 2
Month 3
Month 4

Binomial component
Estimate
Standard Error
2.2E+01
4.0E+03
5.6E-03
5.7E+03
-1.8E+01
4.0E+03
-1.8E+01
4.0E+03
-1.9E+01
4.0E+03
-1.8E+01
4.0E+03
-7.6E-02
5.7E+03
-1.9E+01
4.0E+03
-1.6E+00
1.2E+00
-1.7E+00
1.2E+00
-2.0E-01
1.5E+00

t value

p

5.0E-03
0.0E+00
-4.0E-03
-4.0E-03
-5.0E-03
-4.0E-03
0.0E+00
-5.0E-03
-1.3E+00
-1.4E+00
-1.4E-01

1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.0E+00
1.9E-01
1.7E-01
8.9E-01

6.5540
0.2920
-0.1350
-0.3210
-3.0910
-2.0710
-0.8590
-0.0920
-1.1800
-3.0560
-3.2250
1.3410
0.6200
0.1960
2.1740
2.6950
3.0530
1.3460
2.3050

0.0000
0.7712
0.8930
0.7487
0.0026
0.0410
0.3924
0.9272
0.2411
0.0029
0.0017
0.1830
0.5367
0.8452
0.0321
0.0083
0.0029
0.1813
0.0233

Lognormal for Menhaden
(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 2
Month 3
Month 4
Year 2008:month2
Year 2009:month2
Year 2010:month2
Year 2011:month2
Year 2012:month2
Year 2013:month2
Year 2014:month2
Year 2008:month3

3.7454
0.2500
-0.1259
-0.2754
-2.4977
-1.6736
-0.6943
-0.0740
-1.0111
-2.4695
-2.7646
1.6703
0.8053
0.2543
2.7548
3.2676
3.7006
1.8451
2.7155

0.5715
0.8572
0.9332
0.8572
0.8082
0.8082
0.8082
0.8082
0.8572
0.8082
0.8572
1.2455
1.2990
1.2990
1.2672
1.2123
1.2123
1.3703
1.1781
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Year 2009:month3
Year 2010:month3
Year 2011:month3
Year 2012:month3
Year 2013:month3
Year 2014:month3
Year 2008:month4
Year 2009:month4
Year 2010:month4
Year 2011:month4
Year 2012:month4
Year 2013:month4
Year 2014:month4

1.4300
1.0579
3.3381
3.2703
3.5690
0.9537
0.9215
4.2263
3.6360
2.6522
2.2165
3.0544
3.1559

1.2345
1.1781
1.2345
1.1781
1.1781
1.3402
1.2123
1.2990
1.2455
1.2123
1.2672
1.1781
1.2123
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1.1580
0.8980
2.7040
2.7760
3.0290
0.7120
0.7600
3.2540
2.9190
2.1880
1.7490
2.5930
2.6030

0.2495
0.3714
0.0081
0.0066
0.0031
0.4784
0.4490
0.0016
0.0044
0.0311
0.0834
0.0110
0.0107

Table 16. Summary of coefficients for the generalized linear model (GLM) for Summer
Flounder P. dentatus density in the York River from 2007-2014, modeled as function of
year, month and dissolve oxygen (DO). Coefficients for the binomial and gamma
components are presented. Intercept correspond to year 2007. Estimates, standard
errors, t values, and p values for t distribution are given.

Coefficients
(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 2
Month 12
DO

Binomial component
Estimate Standard Error
-0.2584
0.9886
1.4906
1.0858
2.1774
1.3225
-2.3933
1.1415
-1.5286
0.9351
-0.2993
0.9483
17.8189
1677.5324
1.2912
1.2941
0.6903
0.774
-0.9723
0.6699
1.5434
0.6651

(Intercept)
Year 2008
Year 2009
Year 2010
Year 2011
Year 2012
Year 2013
Year 2014
Month 2
Month 12

Gamma component
0.06253
0.02486
0.07581
0.04929
-0.02471
0.0266
0.63894
0.28542
0.09017
0.0639
0.02355
0.03617
0.00281
0.03044
0.1564
0.07234
-0.01104
0.01718
0.03922
0.02887
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t value

p

-0.261
1.373
1.646
-2.097
-1.635
-0.316
0.011
0.998
0.892
-1.451
2.321

0.7938
0.1698
0.0997
0.036
0.1021
0.7523
0.9915
0.3184
0.3725
0.1467
0.0203

2.515
1.538
-0.929
2.239
1.411
0.651
0.092
2.162
-0.642
1.358

0.0143
0.1289
0.3563
0.0286
0.1629
0.5172
0.9267
0.0343
0.5228
0.179

7. FIGURES
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Figure 1. Location of public pier (pp) fixed sampling station in the York River, Gloucester
Point (37.245° N, -76.502° W), in the southern portion of the Chesapeake Bay, Virginia,
USA; (v) VECOS sampling station and USGS Yorktown stations where environmental
factors were reordered.
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D
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Figure 2. Common early stages of fishes collected in the York River from 2007 to 2015.
(A) A. mitchilli, (B) G. bosc, (C) M. thallasinus, (D) M. undulatus, (E) B. tyrannus, (F) A.
rostrata, (G) P. dentatus (H) L. xanthurus. A-D: most abundant species recorded in the
York River, from collections obtained at the public pier (pp), Gloucester Point, Virginia.
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Fall-Win-Spr
Summer

Figure 3. Two dimensional ordination plot of the larval fish assemblage in the York River
for Fall-Spr (September through April) and summer (May through August), from 2007 to
2014. NMDS y and x axis represent the differences between samples based on BrayCurtis distances. 2D stress value: 0.1324.
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A

B

Figure 4. Nominal means: annual (A) and monthly (B) larval fish diversity (Simpson’s
diversity index), in the York River from 2007 to 2014. Simpson’s index values range from
0 to 1, values closest to one indicate higher diversity.
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Nominal mean diversity
Predicted annual diversity

Figure 5. Nominal mean larval fish diversity in the York River from 2007 to 2014. The
continuous line represents the nominal mean diversity; the dashed line represents the
predicted values of mean diversity from the multiple regression model using GLM’s.
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Figure 6. Diagnostic plots used for the validation of the GLM. The model includes the
effect of year and month on the mean larval fish diversity index (Simpson’s index). The
residuals vs fitted values indicated homogeneity of variance, and Normal Q-Q plot
showed the quantiles of the observed density distribution match with a normal
distribution.
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A

B

Figure 7. Nominal mean: annual (A) and monthly (B) larval fish richness (number of
taxa), in the York River from 2007 to 2014.
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Figure 8. Diagnostic plots used for the validation of the GLM. The model includes the
effect of year and month on the mean larval fish richness (number of taxa). The
residuals vs fitted values indicated homogeneity of variance, and Normal Q-Q plot
showed the quantiles of the observed density distribution match with a normal
distribution.
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Nominal mean richness
Predicted annual richness

Figure 9. Nominal mean larval fish richness (number of taxa) in the York River from 2007
to 2014. The continuous line represents nominal mean richness; the dashed line
represents the mean richness from the multiple regression model using GLM’s.
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A

B

Figure 8. Nominal geometric means: annual (A) and monthly (B) larval fish density
(larvae 1000 m-3) based on the density of all taxa, in the York River from 2007 to 2014.
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Nominal mean larval fish density
Predicted larval fish density

Figure 9. Annual larval fish index (all species pooled) in the York River from 2007 to
2014. The continuous line represents the nominal index of larval fishes calculated using
geometric means. The dashed line represents the index of larval fishes from the multiple
regression model using GLM’s. Indices were scaled to its means (annual index / (mean
(annual index)).
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Figure 10. Diagnostic plots used for the validation of the GLM. The model looks at the
effects of year, month and salinity on the larval fish index. The residuals vs fitted values
indicated homogeneity of variance, and Normal Q-Q plot showed the quantiles of the
observed density distribution match with a normal distribution.
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Nominal mean Anchovy density
Predicted mean density

Figure 11. Annual Anchoa spp. density indices in the York River from 2007 to 2014. The
continuous line represents the nominal index of Anchoa density calculated using
geometric means. The dashed line represents the predicted densities index from the
multiple regression model using GLM’s. Indices were scaled to its means (annual index /
(mean (annual index)).
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Nominal mean American eel density
Predicted annual density

Figure 12. Annual American eel A. rostrata indices in the York River from 2007 to 2014.
The continuous line represents the nominal index of American eel calculated using
arithmetic means. The dashed line represents the index from the multiple regression
model using GLM’s. Indices were scaled to its means (annual index / (mean (annual
index)).
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Nominal mean Croaker density
Predicted annual density

Figure 13. Annual Atlantic Croaker M. undulatus indices in the York River from 2007 to
2014. The continuous line represents the nominal index of Atlantic Croaker calculated
using geometric means. The dashed line represents the index from the multiple
regression model using GLM’s with a delta lognormal distribution. Indices were scaled to
their means (annual index /mean (annual index)).
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Nominal mean Menhaden density
Predicted annual density

Figure 14. Annual Atlantic Menhaden B.tyrannus indices in the York River from 2007 to
2014. The continuous line represents the nominal density index of Atlantic Menhaden
calculated using geometric means. The dashed line represents the predicted density
index from the multiple regression model using GLM’s with a delta lognormal
distribution. Indices were scaled to their means (annual index / (mean (annual index)).
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Nominal mean Flounder density
Predicted mean density

Figure 15. Annual Summer Flounder P. dentatus indices in the York River from 2007 to
2014. The continuous line represents the nominal density index of Summer Flounder
calculated using arithmetic means. The dashed line represents the predicted density
index from the multiple regression model using GLM’s with a delta lognormal
distribution. Indices were scaled to their means (annual index /mean (annual index)).
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Chapter II

Spatial variation of the larval fish assemblage in lower Chesapeake Bay
Abstract
Estuaries are dynamic systems where environmental physical factors influence the fish
communities, including the early life history stages of fishes. The Chesapeake Bay, a
temperate estuary, is an essential fish habitat that supports early stages of many species
of ecological, commercial, and recreational importance. The goal of this study was
examine spatial differences among three locations in the lower Chesapeake Bay: the
York River mouth (YRM), the channel of the Bay’s southern mainstem (CHA) and the
Chesapeake Bay mouth (CBM). From October 2015 to May 2016, monthly surveys were
conducted to sample each location using a conical 1-mm mesh zooplankton net.
Comparisons among locations (YRM, CHA, and CMB) were made using two approaches,
a multivariate analysis to evaluate the effect of location on the larval fish assemblage,
and an univariate analysis to examine the location effect on the total number of larval
fishes (all species pooled); abundance of Atlantic Menhaden (Brevoortia tyrannus) and
Atlantic Croaker (Micropogonias undulatus) larvae were examined by using Generalized
Linear Models (GLMs). A total of 18 species from 12 families were collected during this
study; Atlantic Menhaden and Atlantic Croaker were the two most abundant species in
all locations. Location was shown to have an effect on the larval fish assemblage but the
results indicated the total number of larval fishes did not differ among locations. Rather
the number of larval fishes did vary when abundances of Atlantic Menhaden and
Atlantic Croaker were analyzed. Differences were found among locations, particularly
for Atlantic Croaker, suggesting an aggregation of larval Atlantic Croaker near the YRM.
Because differences were found in the larval fish assemblage and in Atlantic Croaker
between the York River mouth and the Chesapeake Bay, is expected that samples from
the Larval Fish Monitoring Program at VIMS, which are taken at a fixed sampling station
near the mouth of the York River, will not reflect the assemblage from the mouth of the
Chesapeake Bay, and should not be used as a proxy of the larval fish assemblage in
lower Chesapeake Bay.
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1. Introduction
Temperate estuaries are characterized by their high productivity and dynamic
physical nature that support a broad diversity of ecosystems, salinity gradients, water
stratification, and seasonal patterns (Reay and Moore, 2009). These features influence
the distribution and abundance of fishes in the system, including the early life stages of
species that use the estuary as refuge, feeding, and nursery areas (Bell et al., 1984;
Whitfield, 1999; Jung and Houde, 2003; Buchheister et al., 2013). Larval fish
assemblages display seasonal and spatial differences in their structure, which reflect the
interaction of local environmental conditions, physical transport processes, and
biological factors (Gray, 1996; Miller, 2002; Berasategui et al., 2004; Hare et al., 2005;
Ramos et al., 2006). Larval assemblages can vary at different temporal and spatial scales
ranging from hours to months, and centimeters to kilometers (Miller, 2002; SanvicenteAñorve et al., 2003; Ramos et al., 2006). Such temporal and spatial differences can be
product of the interaction of physical environmental factors, in estuarine systems
product of seasonal changes on temperature and salinity gradients, and physical
transport processes that may concentrate eggs and larvae.
The larval fish assemblage of the Chesapeake Bay has been described from short
temporal and small spatial scales of sampling. Ribeiro et al. (2015) described the
structure and phenology of the larval fish assemblage based on samples of larval fishes
made near the mouth of the York River between 2007 and 2009 as part of a comparison
between the larval fishes of the Chesapeake and Delaware bays. Analyses of the trends
in abundance from this time series were extended to 2015 in Chapter 1 of the present
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thesis. The dataset used in that study, and that of Ribeiro et al. (2015), is based on one
fixed sampling location in the York River estuary. The York River is located in the
southern portion of the Chesapeake Bay, and is the fifth largest tributary of the Bay in
terms of flow and watershed area (Reay and Moore, 2009). The position of the York
River, in combination with physical transport processes, allows early life stages of many
fishes that spawn on the continental shelf to enter the York River (e.g., Atlantic
Menhaden, Atlantic Croaker, Spot, Summer Flounder, and Weakfish), in addition to
resident species of the Bay. Larval stages then are transported passively as well as by
active behavior into the York River, where potentially larvae can grow to become
juveniles, feed, and avoid predators.
In the Chesapeake Bay, few studies on the early stages of fishes have
incorporated extensive spatial sampling within the Bay (Dovel, 1971; Olney, 1983; Rilling
and Houde, 1989; Auth, 2003; North and Houde, 2004). These studies suggest that
variation in the larval fish assemblage in terms of composition and density, on a scale of
10s of kilometers, is driven primarily by salinity gradients. The most recent study of the
larval fish assemblage (Ribeiro et al. 2015) focused on a sampling station near the
mouth of the York River over three years, which is among the longest time series to
have been analyzed to date for larval fishes within the Chesapeake Bay. However, the
extent to which the fixed station represents the larval fish assemblages in the lower
Chesapeake Bay is not well understood. Transport routes that may result in larval
aggregations or exchange mechanisms between the mouth of the Bay and different
riverine systems remain unstudied. Therefore, an evaluation of the potential spatial
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differences in larval fish assemblages, within the York River and within the southern
portion of the Chesapeake Bay is required. As a first step in this evaluation, and to
better understand at what spatial scale we can detect variations in larval fish
assemblages, two goals were pursued in this study. First, a comparison of the
assemblage composition and abundance of larval fishes between two sampling locations
(at the mouth of York River and mouth of Chesapeake Bay) was made. Second, I
compared the density of the two most abundant species encountered as larvae at both
sampling locations.
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2. Materials and Methods
2.1. Biological sampling
Samples of larval fishes were collected at two locations of interest: the York
River mouth (YRM) and the mouth of Chesapeake Bay (CBM); additional samples were
taken in a third location, in the middle channel of the Chesapeake Bay (CHA) between
the YRM and CBM (Figure 1). At YRM and CBM larval fishes were collected from three
and nine designated stations, respectively, along a single transect crossing the mouths
of the York River and Chesapeake Bay (Figure 1). Collections were made with a 2-m long
conical net with a 1-m mouth diameter and 1-mm mesh; a flowmeter was suspended in
the mouth of the net to calculate volume of filtered water. These methods mimic those
of the Virginia Institute of Marine Science (VIMS) Larval Fish Monitoring Program (20072016) (Chapter 1). Tows within the top 2-m of the surface were conducted during nighttime flood tides from a VIMS research vessel. At each sampling station, water
temperature (°C), salinity (ppt), and dissolved oxygen (mg l-1) were recorded by using a
YSI (model 85 Professional plus).
Samples were taken once a month from October 2015 to May 2016, as close to
the same day of the week as possible as those of the Larval Fish Monitoring Program. A
total of eight sampling events were conducted in each location, with the exception of
CHA stations, which were sampled only six times (December to May). As a result, a
different number of samples was taken at each locality, resulting in a unbalanced
sampling design. The period of sampling time (Oct-May) allowed the collection of larval
stages of winter coastal-spawners, which are also commonly caught in the York River
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fixed station (PP), including species such as Atlantic Menhaden (Brevoortia tyrannus)
and Atlantic Croaker (Micropogonias undulatus).
Samples were preserved in 70% ethanol and identified using primary reference
identification guides for the ELHS of fishes in the Western North Atlantic Ocean (e.g.,
Richards, 2005; Fahay, 2007). Samples were deposited in the VIMS Nunnally Ichthyology
Collection. Numbers of individuals of each species were used to calculate larval fish
density expressed as number of larvae per 1000 m3.
2.2. Data analysis
The larval fish assemblages from the three locations (YRM, CHA, CBM) were
examined and compared in terms of diversity, species richness (number of species), and
abundance (number of larvae 1000 m-3). Diversity was expressed using Simpson’s
diversity index, which gives more weight to the dominant species. The index was
calculated for each sampling event, by using the following formula:
𝑠

Simpson′ s diversity index = 1 − ∑𝑖=1 𝑝𝑖2
Where p is the fraction of the total larval density belonging to the ith species at a
sampling event, given that at least one species was captured (Magurran, 2004). Index
values range from 0 to 1, and increase with species richness and even distribution of
density of larval fishes across the species collected.
2.3. Larval fish assemblage (multivariate analysis)
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To explore spatial patterns of the larval fish assemblage at the three locations of
interest, multivariate analyses were performed using the ‘vegan’ package for R software
(version 3.3.0; R Core Team, 2016). For graphic visualization of the patterns, 2D nonmetric multidimensional scaling (nMDS) plots, based on Bray-Curtis rank similarity
coefficients were obtained. Analyses of the data were done using density data without
standardization. After graphical examination using nMDS plots, a permutational
multivariate analysis of variance (PERMANOVA) was employed (Anderson et al., 2008).
This allowed testing for differences among locations, and generated p-values using
permutations. This method does not assume normal distribution of errors (Anderson
and Walsh, 2013), which was suitable for the types of data and the unbalanced design of
this study. To ensure the analysis met the assumptions of PERMANOVA, homogeneity of
multivariate dispersion within groups tests were done using the function ‘betadisper’
from the ‘vegan’ package in R. When the test indicated heterogeneity of dispersion,
further analyses were performed to determine if the differences between groups
detected using PERMANOVA were associated with differences in dispersion or a
combination of dispersion and differences among groups.
Nominal means of density (larvae per 1000 m-3) were calculated using geometric
means to accommodate the high variance of larval fishes in each location caused the
high proportion of low densities and the unbalanced design. To account for the
differences in the sampling effort (number of samples taken from each location), means
were weighted by the proportion of the samples taken from each location. This was
obtained by dividing the number of samples from a location by the total number of
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samples. The sum of the weights was one. The formula used to calculate weighted
geometric means for larval fish density was defined by:
𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑚𝑒𝑎𝑛𝑖 = 𝑒 𝑚𝑒𝑎𝑛(log(𝑑𝑒𝑛𝑠𝑖𝑡𝑦+0.1))𝑖 ∗ 𝑤𝑖
Where: density= number larval fish 1000 m-3
w= number samples from location i / total number of samples.
2.4. Larval fish assemblage structure (univariate analysis)
Mean diversity, species richness, and density were analyzed separately and were
compared among the sampling stations. A Kruskall-Wallis test was used to evaluate if
there were differences between the three locations of interest, this test was selected
because of the unbalanced nature of the sampling design and the non-normality of the
data. Additionally, for the total number of larval fishes, and the number of Atlantic
Menhaden and Atlantic Croaker, multiple linear regression models were used to
investigate the relationship between the response variables and location, month, and
environmental factors. The larval fish abundance data were analyzed as the number of
larval fishes captured (counts, a discrete variable) by the volume of water filtered (cubic
meters). Different multiple regression models (e.g., GLMs) with different distributions
were fitted to the data. Predicted values from the model were then compared to the
nominal mean values of total number of larvae, and number of Atlantic Menhaden and
Atlantic Croaker.
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A preliminary multiple regression model was defined in which surface water
temperature (°C), salinity (ppt), and dissolved oxygen (mg l-1) were included as
continuous covariates, and location (YRM, CHA, CBM), and date (month) of sampling
event were included as categorical factors; additional biologically meaningful
interactions were included (e.g., temperature*dissolved oxygen). To account for the
difference in sampling effort (volume of water sampled in each sampling event), an
offset term was added in the model (Zuur et al., 2013). Model validation procedures
following Zuur et al. (2012, 2013) were applied (e.g., homogeneity of variance, normality
of data, dispersion statistic, collinearity among covariates) for each model fitted to the
data. GLMs with negative binomial distribution were also explored using the ‘glm.nb’
function from the ‘MASS’ package in R (version 3.3.0; R Core Team, 2016). For each GLM
fitted, explained deviance was calculated following Zuur et al. (2013):

Explained deviance = 100 ×

𝑛𝑢𝑙𝑙 𝑑𝑒𝑣𝑖𝑎𝑛𝑐𝑒 − 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑑𝑒𝑣𝑖𝑎𝑛𝑐𝑒
𝑛𝑢𝑙𝑙 𝑑𝑒𝑣𝑖𝑎𝑛𝑐𝑒

The best model that described larval fish catches was identified by comparing Akaike’s
Information Criterion (AIC) for each distribution fit. If a GLM did not account for the
presence of zeros and overdispersion, zero inflated models were applied to the data
with the function ‘zeroinfl’ from the ‘pscl’ package in R. Zero inflated models take into
account two processes: one in which zeros are false zeros (recorded zeros that are not
really zeros, e.g. failure into collect larval fishes in a location due sampling design, gear
error, observational error), and the count process, which contains true zeros (those that
reflect the absence of larval fishes in a given location) and positive values of larval fish
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caught (Zuur et al., 2012). Comparisons between the GLM and the zero inflated models
were done by using the ‘vuong’ function from the ‘MASS’ package in R, to decide which
approach was better. The preliminary multiple linear regression model was defined by:
Yi = β0 + β1(LOC)i + β2(MONTH)i + β3(TEMP)i +β4(SAL)i + Β5(DO)i + offset(logVOL) + Ɛi,
Where Yi : given response variable (e.g., species richness, diversity) for ith
sampling event;
β0 : Overall mean of response variable;
β1-5: Partial regression coefficients accounting for the effect of explanatory
variables: LOC, MONTH, TEMP, SAL, DO;
LOCi: location as factor (YRM, CHA, CBM) for ith sampling event;
MONTHi: month as factor (oct-may) for ith sampling event;
TEMPi: temperature (°C) for ith sampling event;
SALi: salinity (ppt) for ith sampling event;
Offset (logVOL): log transformed volume of water filter (m3) for ith sampling
event;
Ɛi,: Residual error.
For the total number of larval fishes a zero inflated model was chosen (Table 1).
This model has two components, the first component was the count model with a
negative binomial regression (suited the count data and presence of zeros of the larval
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densities) and the second component, modeled the probability of zero inflation (Zeileis
et al., 2008). For the second component, a simple inflation model in which all zero
counts have the same probability of belonging to the zero components was chosen
(Zeileis et al., 2008).
2.5. Patterns of abundance for Atlantic Menhaden and Atlantic Croaker
Because a high frequency of zeros in the larval fish catches, analyses were done
using count data (discrete variable) standardized by the volume of water filtered. The
number of larval Atlantic Menhaden and the number of larval Atlantic Croaker were also
modeled following procedures modified from those described above. To calculate the
number of larval fishes for each species, only the months when those species were
more abundant were used. For example, for Atlantic Menhaden only counts from
November 2015 through April 2016 were considered to avoid including extra zero values
in the analysis. For the analysis of Atlantic Croaker counts from October 2015 through
February 2016 were considered. As a result, in both cases, due to the selectivity of the
months, sample size was reduced.
To model the number of larval Atlantic and Menhaden Atlantic Croaker, GLM’s
with negative binomial distributions were chosen. The models suited the large
proportion of zeros present in the catches of larval fishes; 22 % and 50% of the catches
were zero values for Atlantic Menhaden and Atlantic Croaker respectively. Additionally,
to account for the different sampling effort, volume of filtered water was included in the
model as an offset (Table 1).
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3. Results
3.1. Taxonomic composition
A total of 108 tows was made from October 2015 to May 2016, 72 across the
Chesapeake Mouth (CBM), 12 in the channel (CHA) and 24 in the York River mouth
(YRM). A total of 1,516 larvae were collected, with representatives of 18 species from 12
families; Gobiidae was the richest family with five species. Three species accounted for
91% of all larval fishes caught: Atlantic Menhaden, Atlantic Croaker, and Speckled Worm
Eel (Myrophis punctatus; Table 2, Figure 2). In general, species collected during this
study were representatives of coastal winter spawners (e.g., Atlantic Menhaden and
Atlantic Croaker) and catadromous species (e.g., American Eel, Anguilla rostrata) that
arrive in the estuary during the winter. Some estuarine and reef associated species also
were present (Table 2, Figure 2), such as Seaboard Goby (Gobiosoma gingsburgi), Darter
Goby (Ctenogobius boleosoma), Seahorse (Hippocampus erectus), and Pipefish
(Syngnathus fuscus).
Atlantic Menhaden, Atlantic Croaker, and Speckled Worm Eel were present in all
three sampling locations. The assemblage in CBM was characterized by species with
more marine affinities or with species for which adults spawn on the continental shelf or
near the mouth of the Bay, such as Ladyfish (Elops saurus), Rough Silverside (Membras
martinica), Windowpane (Scophthalmus aquosus), and Speckled Worm Eel. A similar
assemblage was found in the YRM, although some estuarine species that are commonly
found in the York River (Ribeiro et al., 2015, Chapter 1 of this thesis) such as Bay
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anchovy (Anchoa mitchilli) and Green Goby (Microgobius thalassinus) were not found in
the CBM or found at CBM in lower numbers (Table 2).
3.2. Larval fish assemblage
The analysis of the non-metric multidimensional scaling (nMDS) plots showed no
marked distinction of the assemblages among locations (Figure 3). However,
PERMANOVA results revealed location had an effect on the assemblages (Mean Squares
MS) = 0.105, F Model (FM) = 2.430, p= 0.036). This test also showed that month had an
effect on the assemblage and that there were differences in the number of larvae
caught each month (Table 3). Nominal larval fish diversity, species richness, and total
density were compared among the sampling locations, and none of those metrics varied
among the three locations (Table 4, 5).
Multiple regression models were fitted (Table 6) to the total number of larval
fishes, number of Atlantic Menhaden larvae and number of Atlantic Croaker larvae, the
two most abundant species during the study. Results from the models showed similar
results to those of the assemblage analyses. For the total number of larval fishes, the
data had approximately 18% zeros, indicating that a zero-inflated model best described
the data. The covariates included in the model were location and month. The other
covariates (temperature, salinity and dissolved oxygen) were removed because they had
no effect on the response variable (not significant at the 0.05 level), or because they
presented collinearity issues (e.g., location and salinity). The zero-inflated model for the
total number of larval fishes showed that month had an effect on the number of larval
fishes collected, in contrast to location, which had no effect in the count data. Although
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this model presented a better distribution of residuals compared to simple GLM
negative binomial (Figure 4), the estimated parameters for the probability of measuring
the false zeros was zero (Table 7), indicating that these results should be taken with
caution.
3.3. Patterns of abundance for Atlantic Menhaden and Atlantic Croaker
For Atlantic Menhaden, the number of larvae was modeled as a function of
location and month of sampling; volume of water filtered was used to account for
differences in sampling effort. A GLM with a negative binomial distribution was chosen.
This model revealed that location had no effect in the number of larval Atlantic
Menhaden collected, but there was effect due to month (Table 8). This model explained
17% of the deviance and had low dispersion (1.34) with fair homogeneity of variance.
The weighted predicted number of larvae for each location from the model showed that
they follow the patterns of the observed stratified means of Atlantic Menhaden (Figure
6).
The model for number of Atlantic Croaker larvae explained 43% of the deviance,
and suggested location had an effect in the number of Atlantic Croaker larvae (Table 9).
An a posteriori contrast test (Tukey's test) revealed that there is a large number of
larvae in CHA compared to the CBM (Z value=2.628, p=0.022), and that the YRM also
had a larger number of larvae than the CBM (Z value=2.500, p=0.031). No difference was
found between the YRM and CHA locations (Z value= -0.878, p=0.647). As for the model
fitted for Atlantic Menhaden and total number of larval fishes, month was significant
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and indicated differences in larval Atlantic Croaker catches from October through
February.
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4. Discussion
4.1. Larval fish assemblage
The species composition from October to May was predominantly represented
by shelf-spawning species (Atlantic Menhaden and Atlantic Croaker), which are
commonly found as early stages during this time period in the southern portion of the
Chesapeake Bay (Pearson, 1941; Olney 1983; Lozano and Houde, 2013; Ribeiro et. al.,
2015). Two uncommon early stages for the Chesapeake Bay were collected during this
study, Ladyfish (2 individuals) and Speckled Worm Eel (93 individuals), which were more
abundant in the CBM location (Table 2). These species were not recorded in collections
from the fixed station in the York River (Ribeiro et al. 2015, Chapter 1) or other studies
related to larval fishes in the Chesapeake Bay (e.g., Jung and Houde, 2003), and are
rarely caught in the southern portion of the Bay as juveniles or adults (Tuckey and
Fabrizio, 2014).
The multivariate analysis showed that there were spatial differences in the larval
fish assemblages among the locations, with the greatest differences between the CBM
and YRM locations. In general the CBM location had a larger number or larval fishes
from shelf spawners, and some species are present only at this location (Table 2), while
in the York River, there seems to be lower number of larval fishes, with the exception of
Atlantic Croaker, and the assemblage comprises primarily species associated with
estuarine habitats (Table 2). Such difference in the assemblages reflect differences in
salinity between CBM and YRM locations, as salinity has been shown to contribute to
structure the larval fish assemblages in estuarine environments (Berasategui et al.,
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2004; Hare et al., 2005; Ramos et al., 2006). It is also likely that variability in
temperature, freshwater discharge, and wind speed and direction also affected the
larval fish assemblages. These factors, which varied in each month of sampling, will
influence salinity, and although they were not tested directly in the current assemblage
analyses, their variation was captured by the locality and month variables. Further, such
variables (e.g., salinity and wind speed) have been shown in several studies to affect
transport processes and thereby shape the structure of larval fish assemblages (e.g.,
Rilling and Houde, 1989; Norcross, 1991; Jung and Houde, 2003; Martino and Able,
2003). Despite the spatial differences in the assemblage, the individual metrics of
species diversity and species richness indicated that they do not differ among the three
locations of study, in contrast to what was expected (i.e., that diversity and richness will
vary spatially as well). Temporal variation of the assemblage occurred (Table 3) and
reflects the species patterns and peaks of spawning. Atlantic Croaker occurred from
October to February, while Atlantic Menhaden occurred from November to April. The
presence and ingress to the Bay of these two species is affected by changes in the
physical transport mechanisms, such as monthly changes in wind speed and direction,
which contribute to stratification and water circulation changes (Checkley et. al., 1988;
Norcross, 1991) and enhancement of shoreward and Bay-ward transport.
4.2. Spatial patterns of abundance
The effect of location on the larval fish abundance was explored by the use of
regression models (GLMs). The final regression models included only location and
month of sampling. These two variables incorporated signals of the difference in salinity,
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from more marine locations with higher salinity in CBM to lower salinity in the YRM;
month incorporated changes on other environmental conditions over time, such as
temperature. Locations (and consequently salinity) is one of the environmental
gradients that define the structure of fish communities and assemblages including the
early life stages in estuarine systems (e.g., Jung and Houde, 2003; Berasategui et al.,
2004; Ramos et al., 2006; Buchheister et al., 2013).
The models revealed that a negative binomial distribution would be a good
model to obtain the total number of larval fishes by month and location, and when
these were compared to nominal means, they showed different patterns, possibly
because they better accounted for the presence of zeros in the data and the skewed
distribution of the data. Additionally, when simple nominal means of number of larval
fishes were examined by location, large confidence intervals were found (Figure 5, 6, 7).
Most models had lower dispersion, which indicates that a binomial distribution was
adequate. It is possible that inclusion of additional covariates (e.g., wind speed and
freshwater discharge) could have improved the percentage deviance explained by the
model.
The regression model for Atlantic Croaker indicated spatial differences between
the CBM and YRM locations (Table 8, Figure 7), with higher number of larvae in the YRM
compared to CBM location (Z value=2.500, p=0.031), and indicated aggregation of larval
Atlantic Croaker towards the CHA and York River locations. Other patterns were
observed, for example, Speckled Worm Eel larvae were mainly present in the CBM and
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CHA locations, with only a single individual recorded in YRM (Table 2). There is influence
of circulation patterns affecting the entrance and distribution of larval fishes to the
tributary systems, but such differences in the distribution for different species also
suggests the influence of active behavioral processes on the distribution of species
(Hare et al., 2005). Early stages of Atlantic Croaker have been suggested to use active
transport, through behavioral mechanisms, to enhance up-estuary transport, by
changing vertical distribution in the water column (Norcross, 1991; Hare et al., 2005).
Samples were collected at the peak of high tide, with flooding water moving upstream.
Therefore, the abundance differences of larval Atlantic Croaker observed (higher
number of larvae at the YRM compared to CBM) between locations seem to be
consistent with the transport mechanisms described for Atlantic Croaker (Hare et al.,
2005). To complement this information about larval transport and the physical dynamics
in the lower Chesapeake Bay, the inclusion of length data of the larvae could be
informative. Physical dynamics and transport mechanisms, for example, can result in
length differences of larval fishes at different locations, with older, larger stages
expected to be found near to the York River, while younger, smaller stages expected at
the entrance of the Bay, further studies should consider include larval fish lengths to
gain more knowledge on larval fish transport patterns.
This study provides spatial variation data for the larval fish assemblage within
the lower Chesapeake Bay, between locations separated by approximately 42 km (26
mi). The differences in the assemblages may be driven by a salinity gradient and/or the
effect of currents circulation patterns in the lower Chesapeake. Differences in the
92

density were more evident when species specific larval fish catches were compared
among locations (e.g., Atlantic Croaker), suggesting that when total larval fish numbers
are used, patterns of spatial differences can be masked. Is important to note that these
results are limited by the short timeframe of the sampling (October-May), and that
longer sampling periods could find different abundance patterns of spatial differences,
as well as seasonal differences. In addition, such longer sampling efforts would provide
information about species that occur at different times of the year in the Chesapeake
Bay. Because differences were found in the larval fish assemblage and in Atlantic
Croaker between the York River mouth and the Chesapeake Bay, is expected that
samples from the Larval Fish Monitoring Program at VIMS, will not reflect the
assemblage from the mouth of the Chesapeake Bay, due spatial differences in the
assemblage, therefore extrapolations are suggested to be made with caution.
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Table 17. Summary of the Generalized Linear Models (GLMs) and probability distributions used for total number of larval fishes,
number of Atlantic Croaker larvae and number of Atlantic Menhaden larvae in the lower Chesapeake Bay, from October 2015 to
May 2016.
Explanatory variable

Total number of larval fishes

Probability distributions used for the
Generalized Linear Model
Zero inflated model
Count component: negative binomial
Zero inflation component: simple inflation

Number of Atlantic Croaker
larvae

Negative binomial

Number of Atlantic Menhaden
larvae

Negative binomial
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Rationale
Discrete variable (count of larval fishes), high
frequency of zeros and over dispersion in the
data
Discrete variable (count of larvae), presence
of zeros in the data
Discrete variable (count of larvae), presence
of zeros in the data

Table 2. Taxonomic composition and distribution of larval fishes through October 2015
to May 2016. Total number of larval fishes, percentage of total, frequency of
occurrence, and number of larval fishes by species for each sampling location are given.
Chesapeake Bay Mouth (CBM), Channel (CHA) and York River Mouth (YRM). Taxa in bold
contributed to the 91% of the total larval catches.
Rank Specie
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Brevoortia tyrannus
Micropogonias undulatus
Myrophis punctatus
Gobiosoma ginsburgi
Hippocampus erectus
Syngnathus fuscus
Anchoa mitchilli
Anchoa hepsetus
Scophthalmus aquosus
Anguilla rostrata
Paralichthys dentatus
Ctenogobius boleosoma
Microgobius thalassinus
Membras martinica
Gobiosoma bosc
Elops saurus
Leiostomus xanthurus
Gobiesox sp.

Total

Percentage

Frequency

CBM

CHA

YRM

833
455
93
25
9
28
6
3
21
13
13
4
1
2
1
2
4
1

55
30.1
6.1
1.7
0.6
1.8
0.4
0.2
1.4
0.9
0.9
0.3
0.1
0.1
0.1
0.1
0.3
0.1

64
30
24
6
6
14
4
3
7
10
7
3
1
2
1
1
3
1

440
91
67
25
9
12
1
2
20
2
6
3
0
2
1
2
1
1

180
115
25
0
0
1
0
0
0
5
3
0
0
0
0
0
0
0

213
249
1
0
0
15
5
1
1
6
4
1
1
0
0
0
3
0
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Table 3. Pemutational ANOVA (PERMANOVA) results for the larval fish assemblage
among three locations in the southern portion of the Chesapeake Bay from Oct 2015May 2016. The PERMANOVA test was based on differences on the similarity matrix
(Bray-Curtis distances). The model included Location (factor with three levels:
Chesapeake Bay Mouth CBM, channel CHA and York River mouth YRM) and month as
categorical variables. Df: degrees of freedom; SS: sum of squares; MS: mean square; F
ratio; R2: partial R squared, p value.
Coefficient
Location
Factor (Month)
Residuals
Total

Df

SS

MS

F

R2

p

2
7
98
107

0.209
1.366
4.218
5.793

0.105
0.195
0.043

2.430
4.536

0.036
0.236
0.728
1.000

0.036
0.001
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Table 4. Nominal mean Simpson’s diversity index, species richness (no. species), ans
weighted geometric mean of larval fish density (larvae per 1000m-3), and total number
of samples in each location (n) in the southern portion of the Chesapeake Bay (Figure 1),
from October 2015 to May 2016. CI: ±95% confidence intervals.

Diversity
Richness
Density
n

CBM
0.416
1.583
9.541
72

CI
0.090
0.320
6.877-13.233

CHA
0.379
2.250
2.197
12
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CI
0.190
0.943
0.823-5.866

YRM
0.368
1.917
3.478
24

CI
0.143
0.596
1.837-6.583

Table 5. Kruskal-Wallis test results for the mean Simpson’s diversity index, species
richness (no. species), and mean larval fish density (larvae 1000m-3), testing the
hypothesis of identical populations among the three locations in the southern portion of
the Chesapeake Bay (Figure 1), from October 2015 to May 2016. Chi-squared, degrees of
freedom (df) and p value are given.
Kruskal-Wallis test

chi-squared

df

p

Diversity by location

0.148

2

0.929

Richness by location

2.938

2

0.230

Density by location

0.381

2

0.827
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Table 6. Regression models for the total number larval fishes, Atlantic Menhaden and Atlantic Croaker catches, modeled as function
of location and month of sampling in three locations in the southern portion of the Chesapeake Bay. Models include an intercept (β0,
ɣ0), partial regression coefficients (β, ɣ) and residual error (Ɛ) for each month (i) sampled, and explanatory variables: LOC=location
and MONTH. Percent of total deviance (% Dev) explained by each model is given if applicable. NA: not applicable.
Explanatory variable
Total number larval fish

Model

log(counti) = β0 + β1(LOC)i + β2(MONTH)i +Ɛi

% Dev
NA

Logit(false zeros)= ɣ0 + ɣ1(LOC)i + ɣ2(MONTH)i +Ɛi
Number Menhaden larvae

Counti = β0 + β1(LOC)i + β2(MONTH)i +Ɛi

17

Number Croaker larvae

Counti = β0 + β1(LOC)i + β2(MONTH)i +Ɛi

43
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Table 7. Summary of coefficients for total larval fish density modeled as count data, as
function of location and month, an offset (volume) was also included (Table 5). Larval
fishes came from the southern portion of the Chesapeake Bay from October 2015 to
May 2016. Estimates, standard errors, z values, and p values are given.
Count model
Coefficients

Estimate Standard Error

z value

p

(Intercept)

-2.381

0.409

-5.829

0.000

Location CHA

0.279

0.462

0.604

0.546

Location YRM

0.289

0.370

0.782

0.434

factor(month) Nov

-1.423

0.563

-2.527

0.012

factor(month) Dec

-0.060

0.578

-0.105

0.917

factor(month) Jan

-0.645

0.544

-1.185

0.236

factor(month) Feb

-1.369

0.542

-2.524

0.012

factor(month) Mar

-1.811

0.548

-3.306

0.001

factor(month) Apr

-2.109

0.551

-3.829

0.000

factor(month) May

-3.483

0.593

-5.879

0.000

Log(theta)

-0.564

0.144

-3.928

0.000

- 16.52

1018.26

-0.016

0.987

Zero-inflation model
(Intercept)
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Table 8. Summary of coefficients for number of larval Atlantic Menhaden, modeled as
function of location and month, with an offset (volume) included (Table 5). Analyses for
Atlantic Menhaden were done on data of larval fishes collected in the southern portion
of the Chesapeake Bay from November 2015 to April 2016. Estimates, standard errors, z
values, and p values are given.
Coefficients

Estimate

Standard Error

z value

p

(Intercept)

-4.512

0.468

-9.653

< 2e-16

Location CHA

0.170

0.535

0.318

0.751

Location YRM

-0.345

0.426

-0.811

0.417

factor(month) Dec

1.750

0.613

2.854

0.004

factor(month) Jan

1.351

0.614

2.199

0.028

factor(month) Feb

0.499

0.618

0.808

0.419

factor(month) Mar

0.339

0.620

0.547

0.585

factor(month) Apr

-0.490

0.634

-0.773

0.440
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Table 9. Summary of coefficients for number of larval Atlantic Croaker, modeled as
function of location and month, with an offset (volume) included (Table 5). Analyses for
Atlantic Croaker were done on data of larval fishes collected in the southern portion of
the Chesapeake Bay from October 2015 to February 2016. Estimates, standard errors, z
values, and p values are given.
Coefficients

Estimate

Standard Error

z value

p

(Intercept)

-3.414

0.596

-5.729

0.000

Location CHA

2.402

0.914

2.628

0.009

Location YRM

1.536

0.615

2.500

0.012

factor(month) Nov

-1.511

0.811

-1.864

0.062

factor(month) Dec

-1.131

0.787

-1.438

0.150

factor(month) Jan

-3.809

0.872

-4.367

0.000

factor(month) Feb

-4.335

0.903

-4.802

0.000
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7. FIGURES
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Figure 1. Location of the Gloucester Point Pier Sampling station (PP), York River mouth
(YRM) sampling stations (n=3), middle channel (CHA) sampling stations (n=2) and
Chesapeake Bay mouth (CBM) sampling stations (n=9) in the southern portion of the
Chesapeake Bay.
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A

D

B

E

C

F

Figure 2. Early life stages of fishes collected in the southern portion of the Chesapeake
Bay along three locations (CBM, CHA, YRM, Figure 1), from October 2015 to May 2016.
(A) B. tyrannus, (B) M. undulatus, (C) M. punctatus, (D) A. rostrata, (E) S. fuscus (F) H.
erectus A-C: most abundant species recorded that contributed to the 91% of the total
larval catches.
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2D stress: 0.0636

Figure 3. Two dimensional ordination plot of the larval fish assemblage by location
(CBM, CHA, YRM) in the southern portion of the Chesapeake Bay (Figure 1), from
October 2015 to May 2016. NMDS y and x axis represent the differences between
samples based on Bray-Curtis distances. 2D stress value: stress 0.0636.
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Figure 4. Diagnostic plot used for the validation of the zero inflated model with a
negative binomial distribution. The model looks at the effects of location and month on
the mean larval fish density. The residuals vs fitted values indicated homogeneity of
variance.
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Nominal Mean number of larvae
Predicted number of larvae

Figure 5. Total number of larval fishes by location in the southern portion of the
Chesapeake Bay from October 2015 to Mary 2016. Filled circles represent weighted
nominal mean number of larval fishes, and 95% confident intervals. Filled triangles
represent the predicted weighted mean from the zero inflated models.
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Nominal mean number of larvae
Predicted number of larvae

Figure 6. Total number of Atlantic Menhaden larvae by location in the southern portion
of the Chesapeake Bay from November 2015 to April 2016. Filled circles represent
weighted nominal mean number of larval fishes, and 95% confident intervals. Filled
triangles represent the predicted weighted mean from the negative binomial model.
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Nominal mean number of larvae
Predicted number of larvae

Figure 7. Total number of Atlantic Croaker larvae by location in the southern portion of
the Chesapeake Bay from October 2015 to February 2016. Filled circles represent
weighted nominal mean number of larval fishes, and 95% confident intervals. Filled
triangles represent the predicted weighted mean from the negative binomial model.
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